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ABSTRACT
Honeycomb cellular materials are widely used in engineering applications due to
their high strength to weight ratio and controllable effective mechanical properties. The
effective properties are controlled by varying the geometry of the repetitive unit cells of
honeycomb structure. Sandwich panels made of honeycomb cores are beneficial in
many applications including vibration isolation and sound transmission reduction.
Sandwich panels with standard honeycomb core configurations have previously been
studied with regards to sound transmission behavior. It has been established that the
auxetic honeycomb cores, having negative in-plane Poisson’s ratio, exhibit higher sound
transmission loss as compared to regular honeycomb cores. In this study, the vibration
and sound transmission response of novel auxetic chiral honeycomb structures (both
hexa-chiral and anti-tetra chiral), have been investigated in detail using finite element
analysis with two-dimensional plane elasticity elements.
Chiral honeycomb structures are made up of a linear tessellation of periodic unit
cell, which consists of circular nodes of radius ‘ r ’ connected to each other by tangent
ligaments of length ‘ L ’. The distance between two adjacent circular nodes is ‘ R ’. These
geometric parameters are tailored to obtain the chiral structure with desired effective
mechanical properties of in-plane Poisson’s ratio, Young’s modulus and shear modulus.
Results show that, for both the hexa-chiral and anti-tetra-chiral configurations with
same thickness, structures with smaller node radius ‘r’ have higher in-plane negative
Poisson’s ratio, effective Young’s modulus, and shear modulus. The Poisson’s ratio of
ii

anti-tetra-chiral structure with small node radius and thickness is found to approach the
limit of -1.
A steady state dynamic response of the chiral honeycomb sandwich panel
subjected to uniform pressure load on the bottom face-sheet is also investigated over a
frequency range of 1 Hz to 2000 Hz. It is observed that, by changing the node radius of
the chiral structures, the frequency range for the global sandwich structure bending
resonances and local intra-cell core resonances can be shifted. Within the bandwidth
controlled by the intra-cell core resonances we observe higher surface velocity vibration
amplitude and decrease in sound transmission loss. For the structure with bigger node
radius, the bending resonances and intra-cell resonance are shifted to lower frequencies
as compared to the structure with smaller node radius.
Finally, the sound transmission loss behavior of sandwich panels made of chiral
honeycomb cores is investigated with plane pressure wave incident at normal as well as
variable incidence angles. The results suggest that, in case of both the hexa-chiral and
anti-tetra-chiral sandwich panels, the core structure with smallest node radius exhibits
higher sound transmission loss as compared to the core structure with bigger node
radius. Among all the different chiral honeycomb structures investigated in this study,
the anti-tetra-chiral structure with smallest node radius exhibits the highest sound
transmission loss. It is interesting to observe that this is also the structure with highest
value of negative in-plane Poisson’s ratio.
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CHAPTER 1

INTRODUCTION

In the design process of mechanical components, material selection is one of the
most important steps as it gives the product a definite shape, size, cost and most
important: its mechanical properties. The performance of a component in a particular
application depends on the mechanical properties of the material it is made of. In most
of the applications, a component is designed to have a minimum mass without failure
under certain loading conditions. Homogeneous materials are widely used in such
applications as they have sufficient mechanical properties and can operate under
variety of loading conditions. However, use of homogeneous materials restricts the
designers with a limited set of materials [1].
The advent of cellular materials provides designers a greater flexibility with the
choice of materials. Cellular materials have low density with sufficient mechanical
properties. These materials are used in a variety of engineering applications as a core
material sandwiched between two homogeneous face-sheets. One of the most widely
used cellular structures is honeycomb structure. It has a comparatively high stiffness-toweight ratio and its mechanical properties depend on both the base material from
which it is made of and the geometry of the core structure [1,2]. With the use of
sandwich panels made of honeycomb core, the overall mechanical properties of the
panel can be tailor-made to suit a certain application. Figure 1.1 shows the construction
of a sandwich panel made of honeycomb core. Various other materials like foams, trusscores are also used as a core material in sandwich panels [1,3].
1

Skin or face-sheet

Honeycomb
core

Skin or face-sheet
Figure 1.1 : Sandwich panel made of honeycomb core
As mentioned earlier, the properties of the cellular materials are characterized
by the geometry of the cellular material as well as by the mechanical properties of the
constituent base material. The addition of face-sheets to construct the sandwich panels
also affects the overall behavior of the structure. This behavior is simplified in Table 1.1
in hierarchical manner [2,4].
Table 1.1 : Hierarchy of mechanical properties of sandwich panel made of cellular core
Hierarchy
Meta
Meso
Micro

Macro

Property definition
Effective mechanical properties of
the cellular core
Geometric parameters of the
cellular core
Properties of the constituent base
material which makes up cellular
core
Overall behavior of the sandwich
panel including face-sheets

Example
Effective Young’s modulus,
Poisson’s ratio
Unit cell - wall height, length,
thickness, cell angle
Young’s modulus, density,
Poisson’s ratio of base
material such as Aluminum
Dynamic behavior, sound
transmission loss behavior of
sandwich panel

In the recent years, there has been much interest to obtain number of different
cellular structures with unique mechanical properties. One of this is cellular structures
with negative in-plane Poisson’s ratio also known as auxetic material or re-entrant
material.

2

1.1

Auxetic Materials
Almost all common materials used for engineering applications have a positive

Poisson’s ratio. Moreover, most metals have a Poisson’s ratio close to 1/3 while rubbers
have Poisson’s ratio close to 1/2 [5]. In 1987, Lakes [5] proposed a low-density open-cell
polymer foam with negative Poisson’s ratio (NPR). Such materials having negative
Poisson’s ratio were termed as “Auxetic materials” (meaning anti-rubber) by Evans and
Alderson [6]. The auxetic materials expand in the lateral direction when stretched in the
longitudinal direction. The negative Poisson’s ratio also results in the enhancement of
certain other mechanical properties such as increased in plane shear strength,
indentation resistance and thermal shock resistance [7]. Another important property of
auxetic materials is their synclastic curvature (dome-shaped) behavior when deformed
out of plane [8]. There are different types of materials or geometries which exhibit
auxetic behavior. The present work is focused on the analysis of unique auxetic
structure known as the “chiral honeycomb structure”. This structure is made up of
circular nodes of radius ‘ r ‘ attached to each other by tangential ligaments of length ‘ L ‘.
‘Chiral’ means a characteristic of the structure by which its mirror image is not
superimposable on the structure itself. Unlike the regular honeycomb structures, whose
mirror image can be superimposed on the structure itself, the chiral honeycomb
structure are non-superimposable, which gives it some unique properties which will be
discussed in detail in the following sections.

3

1.2

Chiral Honeycomb structures
Chiral honeycomb structures are auxetic cellular materials which exhibit negative

in-plane Poisson’s ratio. The theoretical and experimental investigation of these
honeycombs was first carried out by Prall and Lakes [9]. They observed that in case of
chiral honeycomb structures, the in-plane negative Poisson’s ratio is maintained over a
significant range of strain as opposed to the variation in Poisson’s ratio with respect to
strain observed in case of previously known negative Poisson’s ratio materials. The
negative Poisson’s ratio gives some unique properties to the chiral structure such as a
dome-shaped or synclastic bending behavior [10] in the out-of-plane direction as
opposed to anticlastic or saddle-shaped behavior observed in case of conventional
hexagonal honeycomb structures. It also results in increased in-plane shear modulus
and enhanced indentation resistance [8]. Another advantage of chiral honeycomb
structure over the conventional hexagonal honeycomb structure is the partial
decoupling of compressive and shear strengths between the cylinders and the ligaments
respectively [8]. Figure 1.2 shows several types of chiral honeycomb structures.

4

Figure 1.2 : Different types of chiral honeycomb structures:
(a) hexa-chiral; (b) tetra-chiral; (c) anti tetra-chiral; (d) tri-chiral; (e) anti tri-chiral

As shown in the above figure, chiral honeycomb structures consist of an array of
circular cylinders (or nodes) of equal radius connected by ligaments of equal length
attached tangentially to adjacent cylinders. Structures in figures (a), (b) and (d) are chiral
honeycomb structures having of 6, 3 and 4 ligaments connected to each node
respectively and the ligaments are attached to the opposite sides of cylinder. On the
basis of number of ligaments connected to each circular cylinder, these structures are
named as hexa-chiral (6 ligaments), tri-chiral (3 ligaments) and tetra-chiral (4 ligaments).
Structures in figures (c) and (e) are called anti-chiral structures since the ligaments are
attached to the same side of the cylinder.
5

1.2.1 Previous research on chiral honeycomb structures
As mentioned earlier, Prall and Lakes [9] proposed the concept of chiral
honeycomb structures with theoretical in-plane Poisson’s ratio of -1. They proposed the
analytical expressions of effective in-plane Poisson’s ratio and effective in-plane Young’s
modulus based on the energy approach. An experimental investigation was also carried
out to conclude that the chiral structures have a negative in-plane Poisson’s ratio over a
significant range of strain as opposed to the variation in Poisson’s ratio with change in
strain observed in other negative Poisson’s ratio materials.
Alderson et al [11] studied the behavior of chiral honeycomb structures
subjected to uniaxial in-plane loading. The experimental and finite element (FE) model
results for effective in-plane Poisson’s ratio and Young’s modulus are compared. It is
observed that hexa, tetra and anti-tetra-chiral honeycomb structures are auxetic (i.e.
having negative Poisson’s ratio) while tri chiral honeycomb structure has +ve Poisson’s
ratio. Anti tri-chiral honeycomb structure has a negative Poisson’s ratio in case of small
ligament length-to-cylinder radius ratio (α=4) and positive Poisson’s ratio for (α>4). It is
also observed that the Young’s modulus of the structure decreases as the number of
ligaments attached to each cylinder decreases. The deformation modes are observed to
be simultaneous flexure of off-axis ligaments, rotation of the cylinder and flexing of the
ligaments due to rotation of cylinders. Alderson et al [12] also propose “re-entrant trichiral” and “re-entrant anti-tri-chiral” honeycomb structures which exhibit negative inplane Poisson’s ratio.

6

Lorato et al [8] studied the behavior of chiral honeycomb structures in out-ofplane loading conditions and proposed that the compressive modulus for honeycomb
structure is given by,

E


Es core
The ratio

(0.0.1)

for different chiral honeycomb structures is obtained based on

the geometry of the unit cell for each structure [8]. Even in case of out-of-plane loading,
increase in Young’s modulus is observed with increase in the ligament number of the
structure but unlike the in-plane loading, the anti-chiral honeycombs have higher
moduli than the chiral honeycombs in case of out-of-plane loading.
In case of chiral honeycomb structures, the transverse shear modulus is bounded
between two limits – Voigt bound (upper) and Reuss bound (lower) [8]. Regular
hexagonal honeycombs have coincident bounds. It is observed that the shear modulus
decreases as the number of ligaments attached to the cylinders in the honeycomb
structure decreases.
Spadoni [13] proposed a micro-lattice finite element model to improvise the
analytical formulations of effective mechanical properties by Prall and Lakes [9]. A
micro-lattice finite element model based on the Timoshenko beam with sufficient
numbers of unit cells along x and y-direction was investigated in in-plane loading
conditions to obtain the effective mechanical properties. These analytical formulations
by Spadoni and Prall & Lakes will be discussed in detail in later sections.

7

Spadoni and Ruzzene [14] investigated the structural and acoustic behavior of
hexa-chiral structure. A spectral element model based on the dynamic shape functions
is employed to investigate the vibration isolation and sound transmission reduction
performance of sandwich panels made of hexa-chiral core. It was observed that the
hexa-chiral structure with smaller node radius have better sound transmission reduction
characteristics as compared to the hexa-chiral structure with bigger node radius.
1.3

Sandwich panels with honeycomb core in structural acoustics
In structural acoustics, the reduction in sound pressure level can be categorized

as: (a) Sound absorption and (b) Sound insulation [15]. Sound absorption is
characterized by the conversion of sound energy into heat energy. It is defined by the
sound absorption coefficient   which is the ratio of the absorbed energy to the
incident energy. This measure is used for reducing the sound level within a confined
space. Sound insulation between two adjacent spaces is measured by the sound
transmission coefficient   through the partition between two spaces. This is defined
by the ratio of transmitted sound power to the incident sound power [16]. Both the
sound absorption and sound insulation behaviors are frequency dependent.
1.4

Sound Transmission Loss
In the present work, sound insulation behavior of the sandwich panel made of

hexa-chiral and anti-tetra-chiral honeycomb core is investigated. For a sandwich panel

8

of finite length ‘L’ , the sound transmission behavior is generally measured in terms of
the sound intensity which is the sound power transmitted per unit area. Therefore,
L

P   Idx

(0.0.2)

0

Where P and I are sound power and sound intensity, respectively. Sound
intensity is given by,

I

1
Re  p  x,   v*  x,  
2

(0.0.3)

In the above equation Re denotes the real part of the quantity, p is the sound
pressure at a particular distance and frequency and v* denotes the complex conjugate
of the acoustic particle velocity at that location. For a plane wave formulation incident
on the sandwich panel of finite length, the acoustic particle velocity can be
approximated as,

p*
v 
c
*

(0.0.4)

Therefore, from equation (0.0.3) and (0.0.4),

1  pp* 
I  Re 

2  c 

(0.0.5)

2

1 p
I 
2 c

9

(0.0.6)

Where  and c are the density of the fluid medium and speed of sound in fluid
medium respectively. Substituting in Equation(0.0.2), we get,

L

P

p

2

2c
0

dx

(0.0.7)

On the basis of above calculations, the measure of the sound insulation, i.e. the
sound transmission coefficient   , is given by [16,17]

 P  x,  ,   transmitted

    

 P  x,  ,   incident

(0.0.8)

In equation(0.0.8),

 is the angle of incident pressure wave
 is the frequency
trans and inc denote the transmitted side and incident side quantities for sandwich
panel respectively
x is the position on the fluid domain in contact with the partition

   can have a value in the range of 0 to 1 with 0 implying no sound
transmission whereas 1 implying that all of the incident sound has been transmitted.
The sound transmission through a partition is generally measured in decibels (dB) by the
Sound Transmission Loss (STL) coefficient defined as the log of the inverse of the sound
transmission coefficient [18].

10

 1 
STL    10log10 








(0.0.9)

As mentioned earlier, this is a frequency dependent quantity and based on the range of

Figure 1.3 : Frequency dependent behavior of the sound transmission through
partition [4,15]
frequency values, the sound transmission loss (STL) curve can be categorized into four
distinct regions [15] as shown in Figure 1.3.
The four distinct regions include 1) stiffness, 2) mass, 3) resonance and 4)
coincidence region. The stiffness region is limited to very low frequencies and ranges
from 0 Hz to the first natural frequency [19]. In this region, the mass and damping of the
partition have a very little effect on the sound transmission loss and it can only be
increased/decreased by increasing/decreasing the stiffness of the partition [4,19].
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The resonance region is principally governed by the resonant frequencies (or
natural frequencies) of the partition. These natural frequencies depend on the
geometry, material, boundary conditions and the fluid medium in which partition is
being used. At natural frequencies, the partition panel vibrates with the highest
amplitude. This results in maximum sound transmission through the panel and we
observe a dip in the STL curve at the natural frequency values.
The resonance region is followed by the region in which sound transmission loss
is governed by the mass of the panel. This region is defined by the ‘mass law’ which is
given by [20],

   cos 
STL  20log10 1  s

2 0c0 


(0.0.10)

Where,

 s = Mass per unit area of partition panel  kg / m2 
 = frequency of incident sound wave  Hz 
 = angle of incidence of sound wave (degree)

 0 = Density of the fluid medium surrounding partition  kg / m3 
c0 = speed of sound in the fluid medium  m / s 
For a particular frequency, the sound transmission loss is maximum for the case
of normal incidence ( = 0 ) and it decreases as angle of incidence increases from 0 to
90 . Physically, the sound waves emanating from the source are incident on the panel
with different incidence angles. It is a general practice to assume that the angle of
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incidence lies between 0 to 72 and the STL values for each frequency are averaged
over this range of incidence angles [21]. For the normal incidence, the mass law can by
simplified by substituting the incidence angle ( = 0 ), cyclic frequency in Hertz

 f   / 2  and assuming that s /  20c0 

1 [21]. It is given by,

STL  20log  f s   42dB

(0.0.11)

Equation (0.0.11) can predict the sound transmission loss through the partition
with considerable accuracy in the mass region and it can also be used for the rough
estimate of sound transmission loss in resonance region [21,22].
As shown in Figure 1.3, the slope of the STL line in mass region is 6dB per octave.
This implies that the doubling the frequency results in the increase in STL by 6 dB [15]. In
the mass region, the stiffness and damping of the panel does not affect the sound
transmission loss and it can only be increased with increase in overall mass of the panel.
At high frequencies, bending waves are developed in the panel. When the
wavelength of the bending waves matches with the wavelength of the incident sound
wave, it results in coincidence. This is associated with an efficient transfer of acoustic
energy within the partition panel. Due to this phenomenon, we observe a dip in the
sound transmission loss curve in the coincidence region. This coincidence dip occurs at a
critical frequency of the panel which is given by [4],

fc 
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c02
2

s
B

(0.0.12)

Where, f c is the critical frequency (Hz) and B is the bending stiffness of the panel
(N/m2).
1.5

Previous research on sound transmission behavior of sandwich structures
Kurtze and Watters [23], in one of the earliest research in this field, proposed

that the homogeneous plates can be replaced by the sandwich plates for increasing the
transmission loss through partition wall. They designed a plate, consisting of a core
material sandwiched between two skins of high stiffness, which has a very high ratio of
static to dynamic stiffness. On the basis of the analytical formulations and experimental
analysis, the effect of flexural coincidence on the transmission loss characteristics is
investigated.
Ford et al [24] further investigated the effect of flexural as well as dilatational
modes of vibration on the transmission loss through sandwich panels made of rigid
polyurethane foam core. They observed that the dilatational mode of vibration, which
depends upon the core stiffness and skin masses, can be attributed to an undesirable
resonance. Therefore, they proposed that, by optimizing the core stiffness, both the
flexural critical frequency and minimum dilatational frequency can be obtained above
the range of mass law. Due to this, the transmission loss for the sandwich panel will
follow the mass law for the entire range of frequencies. Several researchers [25,26]
improvised on these models to investigate the transmission loss behavior of sandwich
panels.

14

Dym and Lang [26] obtained the analytical expressions for the transmission loss
through sandwich panels based on the variational formulation of plate theory and
validated the transmission loss results of existing experimental data [23,25]. They also
demonstrated that the symmetric and anti-symmetric motions of the sandwich panel
are naturally uncoupled for identical skins. Moore and Lyon [27] further studied the
influence of symmetric and anti-symmetric motion behavior of sandwich panels made of
orthotropic core materials. They observed that the acoustic behavior of sandwich panels
made of orthotropic core material depends upon the direction of propagation of sound
waves over the surface of the panel.
1.6

Motivation for present work
Honeycomb structures are orthotropic materials which are widely used as

sandwich core in variety of applications in automotive and aerospace industry. Ruzzene
[18] investigated the vibration and sound radiation behavior of sandwich panels made
of truss-core and honeycomb core with both regular and re-entrant configurations.
Ruzzene employed a finite element model based on the dynamic shape functions (also
known as spectral element model) which can predict the dynamic behavior of a
structure with reduced number of elements and over a wider frequency range. One of
the key finding by Ruzzene was that the re-entrant honeycomb structure configurations
(i.e. honeycombs with negative in-plane Poisson’s ratio) were found to have better
vibration and sound transmission reduction behavior.
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Griese [22] further extended the work by Ruzzene [18]

with finite element

modeling and analysis of acoustic performance of sandwich panels made of regular and
re-entrant hexagonal honeycomb core. Griese investigated the effect of varying cell
angle of honeycomb core structure (from -45 to +45 ) on the sound transmission loss
through the sandwich panel. The overall mass of each structure was maintained same
by changing the thickness of the structure. In agreement with Ruzzene [18], Griese
found that the sandwich panels made of re-entrant honeycomb core tend to have
better sound transmission loss characteristics as compared to the sandwich panels
made of positive angle cores. Galgalikar [4] performed the optimization of honeycomb
sandwich panel for maximum sound transmission loss and also found out that the
sandwich panel with re-entrant honeycomb core (i.e. the honeycomb core with negative
in-plane Poisson’s ratio) has better sound transmission loss characteristics.
As mentioned in the literature, chiral honeycomb structures exhibit re-entrant
(i.e. negative Poisson’s ratio) behavior in in-plane loading conditions. This characteristic
of chiral honeycomb structures is exploited in the present work to investigate the sound
transmission loss behavior of sandwich panels made of hexa-chiral and anti-tetra-chiral
honeycomb core. Figure 1.2 shows the different types of chiral honeycomb structures.
For the present work only the hexa-chiral and anti-tetra-chiral honeycomb structures
are investigated because, out of all the different chiral honeycomb structures shown in
Figure 1.2, only the hexa-chiral and anti-tetra-chiral structures exhibit negative in-plane
Poisson’s ratio. Initially, in order to have better understanding of the behavior of chiral
structures in in-plane loading conditions, a parametric study is performed to obtain the
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effective mechanical properties of hexa-chiral and anti-tetra-chiral structures with
varying geometric parameters. This is followed by the steady state dynamic analysis of
sandwich panels made of hexa-chiral and anti-tetra-chiral cores to investigate the
vibration and sound transmission reduction behavior.
1.7

Objectives of thesis

The objectives of this thesis are:
1) Investigate the effective mechanical properties of hexa-chiral and anti-tetra-chiral
honeycomb structures in in-plane loading conditions and study the effect of varying
core configurations on the in-plane effective mechanical properties.
2) Investigate the steady state dynamic response of sandwich panels made of hexachiral and anti-tetra-chiral honeycomb core subjected to uniform pressure load on
the bottom face-sheet. Identify the honeycomb core configurations for reduced
vibration amplitude and isolation applications.
3) Investigate the acoustic response as scattered sound pressure of sandwich panels
made of hexa-chiral and anti-tetra-chiral honeycomb cores subjected to a plane
pressure wave incident at normal as well as varying incident angles. Comparison of
different chiral core configurations with respect to sound transmission and
reduction applications.
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1.8

Outline of Thesis
Hexa-chiral and anti-tetra-chiral honeycomb structures are modeled in finite

element solver ABAQUS 6.10. Initially, an approximately square honeycomb core
structure is modeled with several layers of repetitive unit cells to obtain the effective inplane mechanical properties (Young’s modulus, Poisson’s ratio and Shear modulus) in x
and y-direction. Later, a sandwich construction is considered with a single layer of
repetitive unit cells of hexa-chiral and anti-tetra-chiral structure to study vibration,
steady-state dynamic response, and sound transmission characteristics.
The structure of this thesis is as follows:
Chapter 1 consists of the introduction to auxetic materials and in particular the
chiral honeycomb structures. Different geometries of chiral structures have been
discussed along with a brief literature review on the previous research work on chiral
honeycomb structures. The basic concepts of sound transmission through sandwich
panels are explained and the findings of previous researchers with regards to the sound
transmission loss behavior of sandwich panels made of regular and auxetic honeycomb
cores are discussed. Based on the literature review, the motivation and objectives for
present work are stated.
Chapter 2 describes the geometry of the hexa-Chiral and anti-tetra-chiral
structures and the analytical formulations for effective mechanical properties of these
structures are explained. A detailed unit cell representation for different chiral
honeycomb structures and basic geometric parameters that make up the chiral
18

structures is discussed. Analytical formulations for the effective mechanical properties
based on the standard Bernoulli-Euler beam theory and Timoshenko beam theory which
includes the effect of transverse shear deformation are explained. Finally, the
limitations on using beam theories for the investigation of chiral geometry are identified
and the need to use detailed two-dimensional model of chiral structure is discussed.
Chapter 3 consists of the detailed analysis of in-plane effective
mechanical properties for hexa-chiral and anti-tetra-chiral structures by using finite
element solver - ABAQUS 6.10. In the initial study, different geometries of hexa-chiral
and anti-tetra-chiral structure with same thickness (1 mm) are investigated. An
approximately square overall dimensions are maintained with sufficient number of unit
cells along x and y-direction to give accurate results. A parametric study is then carried
out to obtain the effects of different geometric parameters (R/r ratio and thickness) on
the effective mechanical properties of hexa-chiral and anti-tetra-chiral honeycomb
structures.
In Chapter 4, sandwich panels made of hexa-chiral and anti-tetra-chiral core with
one unit cell along y-direction are modeled in Abaqus. The overall mass of each panel is
maintained same by changing the wall thickness of the core. Natural frequencies in the
range of 1 Hz to 2000 Hz are obtained for each panel to understand the modal behavior
and the flexural as well as dilatational modes of vibration. These natural frequencies
are then used as frequency sweep input in Abaqus to perform the steady state dynamic,

19

direct analysis for each panel subjected to uniform pressure load on the bottom facesheet.
Chapter 5 consists of the investigation of performance of sandwich panels made
of hexa-chiral and anti-tetra-chiral core in terms of sound transmission reduction
application. A measure of Sound Transmission Loss (STL), which is based on the sound
power incident on the bottom face-sheet of the sandwich panel and the sound power
transmitted to the fluid domain, is used to compare the sound transmission behavior of
hexa-chiral and anti-tetra-chiral core sandwich panels. A comparison is also made
between the sound transmission response of regular and auxetic honeycomb core
sandwich panels with the hexa-chiral and anti-tetra-chiral core honeycomb sandwich
panels.
In Chapter 6, key results of this research work are summarized and
recommendations are also made for future work based on this research.
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CHAPTER 2

GEOMETRY AND ANALYTICAL FORMULATIONS FOR

EFFECTIVE MECHANICAL PROPERTIES OF CHIRAL STRUCTURES
Due to their unique geometry, all meta-materials like the honeycomb structures
exhibit the effective mechanical properties which are different than the mechanical
properties of the base material from which they are made of. Therefore, before using
the chiral honeycomb structures for the practical applications, it is important to
understand the mechanical behavior of the structure in different loading conditions. In
this chapter, detailed geometric configurations and the analytical expressions for the
effective mechanical properties of hexa-chiral and anti-tetra-chiral structure have been
explained.
2.1

Geometry of hexa-chiral and anti-tetra-chiral structures

r

r
(a)
(b)
Figure 2.1 : Unit cell geometry of (a) hexa-chiral and (b) anti-tetra-chiral structures
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Figure 2.1 shows the unit cell geometries for hexa-chiral structure (by Prall &
Lakes [9]) and anti-tetra-chiral structure. As mentioned earlier, Prall and Lakes first
proposed the idea of hexa-chiral honeycomb structure consisting of circular nodes
connected to each other by tangent ligaments. According to Prall and Lakes, the unit cell
of hexa-chiral structure consists of two circular nodes and five ligaments as shown in
Figure 2.1 (a). The distance between two adjacent circular nodes is R and the length of
the ligament is L. The angle between the horizontal line joining two circular nodes and a
line joining the centers of left and top circular nodes of the unit cell is 30 degrees. The
angle between the ligament and a line joining centers of two adjacent nodes is  .
Radius of the circular node is r and tc is the thickness of the chiral structure core. In case
of anti-tetra-chiral structure, we can observe that the length of ligament L is equal to
the distance between two adjacent nodes R.
2.2

Deformation mechanisms of hexa-chiral and anti-tetra-chiral structures
Chiral honeycomb structures, due to their unique geometry exhibit negative in-

plane Poisson’s ratio. This suggests that the global deformation of the structure is in
such a way that, when stretched in one direction (x axis), chiral structures expand in the
orthogonal direction (y-axis). At a local level, the deformation is governed by the
rotation of circular nodes due to the torque applied on it by tangential ligaments. Figure
2.2 shows the deformation of hexa-chiral and anti-tetra-chiral structures in compressive
loading condition.
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(b)

(a)

Figure 2.2 : Deformation mechanisms of (a) hexa-chiral structure and (b) antitetra-chiral structure in compressive loading condition
It can be observed that, the ligaments remain tangent to the circular nodes after
deformation. This results in the full-wave flexure of the ligament in case of hexa-chiral
structure while in case of anti-tetra-chiral structure, the ligaments undergo a half-wave
flexure.
2.3

Effective mechanical properties of hexa-chiral and anti-tetra-chiral structures
Honeycomb structures are predominantly used as sandwich panel cores due to

their low mass with sufficient strength. Also, the macro parameters for the honeycomb
structure (such as elastic moduli and Poisson’s ratio) can be tuned depending upon the
application by changing certain geometric parameters of the structure. The influence of
honeycomb cell geometry on the in-plane effective elastic moduli and Poisson’s ratio for
regular hexagonal honeycomb structure has been investigated by Gibson and Ashby [1].
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They employed the Bernoulli-Euler beam theory to obtain the expressions for effective
mechanical properties and Poisson’s ratio for the regular hexagonal honeycomb. Prall
and Lakes [9] employed the same approach to obtain the effective in-plane Young’s
modulus and Poisson’s ratio for hexa-chiral structure.
Alderson et al [11] carried out the experimental and FE investigation of the
effective mechanical properties of chiral honeycomb structure and found a good
agreement between the experimental model and FE model.
2.3.1 Effective Poisson’s ratio and Young’s modulus of hexa-chiral structure
Figure 2.1(a) shows the description of geometric parameters of hexa-chiral
honeycomb structure. Prall and Lakes [9] considered the above geometry (without the
top and left hand side cylindrical nodes) as a ‘unit cell’ for their investigation of the
effective mechanical properties of hexa-chiral honeycomb structure. Certain
assumptions were made by them, three of which are of importance:
1) Cylindrical nodes are considered to be rigid and axial
2) Shear deformations of the ligaments are neglected and
3) All deformations are small.
On the basis of above assumptions and the geometric consideration in Figure 2.1
(a), Prall and Lakes [9] obtained the theoretical Poisson’s ratio for hexa-chiral structure
as follows:
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From figure 1b,

e  r sin 

(0.0.13)

e1  r cos 

(0.0.14)

e2  r sin 

(0.0.15)

For small deformations, r sin   r .
Also,   30
Beam AB is modeled by using the standard Timoshenko beam theory having thickness t,
length L and width d. The deflection  of the beam is given by,



ML
6 Eb I

(0.0.16)

Where M is the moment applied on the beam. Eb is the Young’s modulus for base
material. I is the moment of inertia. For a beam of thickness t and width d,

I

dt 3
12

(0.0.17)

Eb dt 3
2L

(0.0.18)

Therefore,

M
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Strains along x and y directions are:

1 

e1
e1
0.866r
r



R cos  R(0.866) 0.866 R
R

(0.0.19)

e2
e2
0.5r
r



R sin  R(0.5) 0.5R
R

(0.0.20)

2 

Therefore, the Poisson’s is given by,

 12  

2
 1
1

(0.0.21)
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1
 1
2

(0.0.22)

As mentioned earlier, the theoretical Poisson’s ratio for hexa-chiral structure is
-1 in both x and y-directions.
The effective Young’s modulus is obtained by using the energy approach [9],
For the unit cell of hexa-chiral structure in figure 1, the internal energy U for one
ligament is given by,
U rib   Md

(0.0.23)

By using equations for M and  , and considering the moment is applied at both
the ends,

U rib  2

Eb dt 3  2
E dt 3 R 2 2
2 b

2L 2
4L r 2
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(0.0.24)

Each cell consists of three ligaments and each ligament is shared with an
adjacent cell. Therefore, internal energy for one cell is 3/2 times the internal energy for
single rib.
Considering a continuum view, in which the unit cell in figure 1 is made of two
triangular cells, the internal energy stored for the structure having volume V is given by,

3  1 * 2 
U cont  V   d    R 2
d   Ei  i 
2   2



Where V  R 2

(0.0.25)

3
d is the volume for one triangular cell and Ei* is the effective Young’s
2

modulus of the continuum for hexa-chiral structure. i  x, y . Equating the energies in
the structural and continuum considerations for one unit cell, we get,

Ex*  E *y  Eb 3

t 3 L2
L3 r 2

(0.0.26)

From the above equation, we can observe a similar dependency on the
ratio  t / L  which is observed in hexagonal honeycomb structures [1].
3

As mentioned earlier, in the above analysis, one of the assumptions made by
Prall and Lakes [9] was that the axial and shear deformations of the ligaments are
neglected. Spadoni [13] further improved the analytical formulations by including the
axial, bending and shear deformations to obtain the effective Young’s modulus and
Poisson’s ratio for hexa-chiral structure. He employed a micro-polar chiral lattice model
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with Timoshenko beam elements to obtain following analytical formulae for effective
Young’s modulus:
2
3
 4r 2 1  1/ cos 2    L2 
L  t 


E  E  Es sin 
3
    (0.0.27)
2
 r  L
2  k  t 2  4r 2   1  s  tan 2   t  


*
x

*
y

2

Even in this case, the effective Young’s modulus in x and y-direction loading
conditions is obtained same.
2.3.2 Effective Poisson’s ratio and Young’s modulus for anti-tetra-chiral structure
Alderson et al [11] employed a similar approach as Prall and Lakes [9] to obtain
the effective mechanical properties for anti-tetra-chiral structure. However they
considered the effective length of the ligament excluding the overlap between the
ligament and the circular node. Figure 2.1(b) shows the unit cell geometry of the antitetra-chiral structure. It consists of four circular nodes and eight whole ligaments. Based
on this geometric considerations and the approach used by Prall and Lakes [9], they
obtained the effective in-plane mechanical properties as follows:

 xy   yx   1
1

Ex  E y 

Where  ij  

j
= Poisson’s ratio
i

Ex  E y = Effective Young’s modulus
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(0.0.28)

Es t 3

6leff  r  t / 2 

2

(0.0.29)

Es = Young’s modulus of base material (Aluminum: 2700 kg / m3 )
t = thickness of the core

leff  l  2  r  t / 2  cos 

 = angle between a line joining center of the node to the node-ligament junction and
a line joining two such junctions of adjacent nodes
l = length of the ligament

r = radius of circular node
2.3.3 Effective shear modulus
By definition, the in-plane shear modulus is given by,

Gxy 

Ex
2 1  xy 

(0.0.30)

As discussed in section 2.3.1 and 2.3.2, the theoretical in-plane Poisson’s ratio
for hexa-chiral and anti-tetra-chiral structures is -1. This leads to the indeterminacy of
the in-plane shear modulus for chiral structures. In this thesis, a finite element approach
has been employed to obtain the values of effective shear modulus for hexa-chiral and
anti-tetra-chiral structure. The procedure of this analysis and results are discussed in
CHAPTER 3.
In order to avoid the indeterminacy of in-plane shear modulus by analytical
approach, Spadoni and Ruzzene [28] employed a micro-polar continuum model to
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analyze the behavior of hexa-chiral structure in shear loading conditions. They found
that for certain geometries of hexa-chiral structures, the shear modulus is equal to that
of the triangular lattice and is an independent parameter. The analytical expression of
effective shear modulus obtained by Spadoni and Ruzzene [28] is as follows:

G
3 t 
3 t 
Gm  m 
 
 
Es
4 L 4 L

3

(0.0.31)

Where Gm and Es are the shear modulus and Young’s modulus of base material
respectively. t and L are the thickness and ligament length of core respectively. It can
be observed that the effective shear modulus does not depend on the geometry of the
chiral topology (i.e. on the node radius r or the ratio L/R) but depends on the ligament
aspect ratio (t/L) suggesting that the axial deformations dominate the shear behavior of
the chiral structure. On the basis of this analysis, Spadoni and Ruzzene [28] conclude
that, “while a 2D medium with   1 indeed presents high shear stiffness, the
deformation mechanism necessary to achieve strong isotropic, auxetic behavior limits
the shear stiffness to that of the medium with axially dominated deformations”. This is
an important conclusion because the negative Poisson’s ratio materials are assumed to
possess a very high shear stiffness (infinite at a limiting case of   1 which renders the
shear modulus to be indeterminate). This conclusion is also in-line with the findings of
this thesis where a detailed finite element analysis of hexa-chiral and anti-tetra-chiral
structures for effective mechanical properties suggests that the effective shear modulus
is comparatively smaller as compared to the regular hexagonal structures.
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2.4

Limitations of using standard beam theories for the analysis of chiral structures

Overlap at the
node-ligament
junction

t

Figure 2.3 : Finite element discretization of a circular node of hexa-chiral
structure with standard beam elements (Beam profiles rendered)
In section 2.3 the procedure for obtaining effective mechanical properties of
hexa-chiral structure is discussed in detail. However, it is important to note that Prall
and Lakes [9] proposed the analytical expressions for effective Young’s modulus and
Poisson’s ratio on the assumption of standard Bernoulli-Euler beam theory. The
ligaments as well as the circular nodes are assumed to be made of beam elements and
the axial compression and shear deformations of the beam are neglected. Spadoni [13]
also obtained the analytical formulae for effective mechanical properties by using EulerBernoulli beam theory and Timoshenko beam theory. However a close observation of
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the geometry of chiral honeycomb structure suggests that the analysis using beam
theory would not provide accurate results especially due to the presence of circular
nodes. Figure 2.3 shows a circular node of hexa-chiral structure connected to 6 tangent
ligaments discretized by using standard Bernoulli-Euler beam elements in Abaqus. For
the circular node of hexa-chiral structure, the ratio of radius of circular node (r) to the
thickness of the structure (t) will define the aspect ratio for the beam element which is
given by,

Aspect ratio =

2 r / Nelem along perimeter
t

(0.0.32)

For the hexa-chiral structures with different node radii discretized with same
number of elements along the perimeter of circular node,

Aspect Ratio 

r
t

(0.0.33)

Therefore, it can be observed that, as the node radius of the hexa-chiral
structure decreases (or the wall thickness of the structure increases), in a limiting case
where the node radius is very small (or the wall thickness of the core is too large), the
beam will not remain sufficiently slender and the kinematic assumptions on the
displacement of the beam will not be valid [29]. This will result in inaccuracy in the
results of the static analysis.
From Figure 2.3, it can also be observed that, there is an overlap of mass at the
node-ligament junction (6 junctions in total for one node) due to the use of beam
elements. This overlap will overestimate the actual mass of the structure. This
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overestimation of mass due to the overlap at node-ligament junction will especially
affect the vibration and dynamic behavior of the chiral structures which will be studied
later in this research. For comparison, a circular node, with 6 half-ligaments connected
tangent to it, is modeled in Abaqus with both beam elements and 2D plane stress
elements. Table 2.1 shows the corresponding comparison of total mass predicted by
both the beam model and the 2D plane stress model. it can be observed that, even for a
single circular node with six tangent ligaments connected to it, the beam model
overestimates the actual mass of the structure.
Table 2.1 : Comparison of total mass predictions of hexa-chiral structure with beam
elements and 2D plane stress elements
Structure
R/r = 3
R/r = 9

Mass (kg)
Beam model
2D model
1.01
0.930
0.847
0.799

% Difference
7.92
5.67

From the above table, In order to avoid these drawbacks, in the present work,
chiral honeycomb structures are modeled by using 2D plane stress (for static analysis of
square core structure) and 2D plane strain elements (for steady state dynamic analysis
of chiral core sandwich panel). A detailed analysis was also carried out for a test case of
hexa-chiral structure with Timoshenko beam elements, 2D plane stress beam elements
and 8 node 3D quadratic elements to obtain the in-plane effective materials properties.
It was observed that the results of the models with 2D plane stress and 8 node 3D
quadratic elements matched very close to each other whereas the model with beam
element did not give the accurate results.
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Figure 2.4 : Circular node of hexa-chiral structure
discretized using 2D plane stress elements
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CHAPTER 3

EFFECTIVE MECHANICAL PROPERTIES USING FINITE
ELEMENT ANALYSIS

In this chapter, the behavior of hexa-chiral and anti-tetra-chiral structure under
in-plane loading condition is investigated to obtain the effective mechanical properties
such as Young’s modulus, Poisson’s ratio and shear modulus. A comparison of finite
element results is also made with the analytical formulations in section 2.3.
3.1

Previous research on effective mechanical properties of chiral honeycomb
structure using finite element analysis
Alderson et al [11] carried out the experimental and finite element investigation

of the effective in-plane mechanical properties of chiral honeycomb structures. A 2D
array of 9x9 unit cells of chiral structures was modeled in ABAQUS by using quadratic
triangular elements. Chiral honeycomb structures were loaded in compression to obtain
the values of effective Young’s modulus and Poisson’s ratio. A good agreement was
observed between the experimental model and FE model. Table 3.1 shows the results of
in-plane effective mechanical properties reported by Alderson et al [11].
Table 3.1: In-plane mechanical properties of hexa-chiral structure and anti-tetra-chiral
structure reported by Alderson et al [11]
Mechanical Property

Hexa-chiral structure
Experimental
FE model

Anti-tetra-chiral structure
Experimental
FE model

Young’s modulus
 Ex  Ey  (MPa)

19.46

15.49

3.11

2.5

Poisson’s ratio
 xy   yx 

-0.81

-0.77

-0.98

-0.98
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It is evident from the above table that Alderson et al [11] report that, in case of
hexa-chiral structure, the in-plane effective Young’s modulus and Poisson’s ratio are
same in x and y-direction loading conditions. However, a close observation of the
geometry of the hexa-chiral structure reveals that the structure is not identical in 90
degree rotations. Therefore, in this thesis, a detailed analysis of in-plane effective
Young’s modulus is carried out in both x and y-direction loading conditions and it was
observed that there is a difference of ~12-15% in the two values of Young’s modulus.
Also, in case of meta-materials such as honeycomb structures, the effective in-plane
mechanical properties are ideally applicable to infinite number of unit cells along x and
y-directions. In the above analysis, Alderson et al [11] have employed a hexa-chiral
honeycomb structure with 9x9 unit cells along x and y-directions which will induce large
boundary effects on the deformation mechanism and thus affect the final results. In
order to avoid this drawback, in this thesis, a number of models with more number of
unit cells along x and y-direction are modeled and analyzed to have more accuracy in
the results.
Alderson at al [11] also investigated the effective mechanical properties of 3 and
4 ligament structures with both chiral and anti-chiral configurations. It was observed
that the Young’s modulus of chiral honeycomb structures decreases with decrease in
the number of ligaments attached to each cylinder. Also, the anti-chiral configuration
tends to have lower moduli as compared to the chiral configuration.
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Kolla et al [30] investigated the behavior of chiral honeycomb structure for the
high shear flexure application. They considered a number of different structures with 6
ligament (hexa-chiral) and 4 ligament (tetra-chiral and anti-tetra-chiral) configurations
with varying node radius and thickness of the structure. It was observed that the node
radius of chiral structure has a greater influence on the effective in-plane shear
modulus. It was also found that the direction of shear loading (i.e. along positive or
negative x-axis) has a greater influence on the effective shear modulus in case of hexachiral structure as compared to the tetra-chiral and anti-tetra-chiral structure. Based on
the above analysis, Kolla et al [30] proposed that the anti-tetra-chiral structure is best
suited for the application which require high shear flexure.
3.2

Finite element model setup for the investigation of effective mechanical
properties of hexa-chiral structure
In the present work, the hexa-chiral structure has been modeled by using

commercial finite element solver ABAQUS 6.10. As explained in the previous section,
Alderson at al [11] employed a finite element model of hexa-chiral structure with 9x9
unit cells along x and y-direction which induces certain inaccuracy in the analysis due to
boundary effects. This drawback has been avoided by analyzing a number of models
with different numbers of unit cells along x and y-direction. On the basis of this analysis,
it was observed that 19 unit cells along x-direction and 16 unit cells along y-direction
give a considerable accuracy in obtaining the effective mechanical properties of the
structure. This selection of number of unit cells along x and y-direction also results in the
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overall shape of the structure to be an approximate square with overall lengths ( Lx and
Ly ) being ~0.4 m. This is helpful for accurate calculation of the Poisson’s ratio.

3.2.1 Different cases of hexa-chiral structure obtained by varying R/r
Four different cases of hexa-chiral structure are modeled by changing the ratio
of distance between two adjacent circular nodes (R) to the radius of node (r) (Referred
as R/r henceforth). The distance between the circular nodes (R) and the thickness (t) for
each structure is maintained same. Table 3.2 shows the geometric parameters of four
different cases to be investigated in this chapter.
Table 3.2 : Different cases of hexa-chiral structure obtained by varying R/r
R
(mm)

28.87

Thickness
(t)
(mm)

Node radius (r)
(mm)

Ligament length (L)
(mm)

3

9.6233

21.5184

5

5.7740

26.4598

7

4.1243

27.6666

9

3.2078

28.1483

R/r

Geometry

1

The regular honeycomb structure investigated by Griese [22] has been
considered a reference case for obtaining the geometric parameters of hexa-chiral
structure described in Table 3.2. Figure 3.1 shows the construction of hexa-chiral
structure on the basis of reference case of regular honeycomb structure with internal
cell angle of 30 .
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Regular honeycomb
with 30 cell angle used
as a reference

Hexa-chiral geometry

Figure 3.1 : Construction of hexa-chiral geometry on the
basis of reference case of regular honeycomb structure
On the basis of overall dimensions of the sandwich panel with hexagonal core,
Griese [22] obtained the cell wall length of 28.87 mm for the case of one unit cell of
hexagonal core along y-direction. This value is taken as the distance between two
adjacent circular nodes of hexa-chiral structure. On the basis of this dimension, the
complete hexa-chiral geometry is then created.
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3.2.2 Model setup and calculation of effective mechanical properties

Displacement boundary condition on
extreme left and right hand side nodes
2% strain

4 node sets for
the calculation of
Poisson’s ratio
Center nodes on
left and right hand
side constrained

Figure 3.2 : Model setup for the investigation of effective mechanical properties of
hexa-chiral structure in x-direction loading condition

3.2.2.1 Young’s modulus and Poisson’s ratio
Figure 3.2 shows the model setup for hexa-chiral structure with R/r = 5 for the
investigation of Young’s modulus and Poisson’s ratio in x-direction loading conditions.
As shown in the figure, a displacement, corresponding to the strain of 2%, is induced on
the extreme left and right hand side nodes of the hexa-chiral structure. The
displacement will generate the reaction forces on corresponding nodes. The summation
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of all the reaction forces on the nodes on one side (either right or left) of the structure
divided by the cross sectional area will give us the stress induced on the structure.
Young’s modulus is then calculated by dividing the stress obtained from the above
calculation by the induced strain on the structure.

Ei 

i
i

(1.1.1)

Where i  x, y

nodes

i 

F
n 1

n

Ac / s

n = number of nodes

 i = induced strain
Poisson’s ratio for a material is the negative ratio of lateral strain to longitudinal strain.

 ij  

j
i

For the hexa-chiral structure considered in Figure 5, the strain in i

(1.1.2)

  x, y 

direction   i  is calculated from the relative displacement in i direction of a pair of
ligament nodes having same j   y, x  co-ordinate [11]. Figure 5 shows the four
ligament nodes (marked in red dot), in the inner region of the structure, which are used
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to calculate the Poisson’s ratio. The ligament nodes in the inner region are selected
instead of the nodes on the outer region in order to avoid the boundary effects induced
by the truncation of the hexa-chiral structure.
3.2.2.2 Model setup for the investigation of shear modulus

Boundary condition,

Displacement Boundary
condition,

All degrees of freedom constrained
Figure 3.3 : Model setup for the effective shear modulus
Figure 3.3 shows the model setup for the analysis of effective shear modulus of
hexa-chiral structure with R/r = 5. All degrees of freedom of bottom side nodes are
constrained. For the nodes on topmost region of the structure, a displacement
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boundary condition corresponding to the strain of 2% is specified for the x-direction.
The rotational and y-direction degrees of freedom of the top nodes are constrained.
Shear modulus for a material is given by the ratio of shear stress to shear strain. For the
structure shown in figure 6, shear stress is calculated by the summation of the nodal
reaction forces generated at nodes on the top-most region of the structure. These
nodes are subjected to the displacement in x-direction corresponding to the strain of
2%.

Gyx 

 xy
 xy

(1.1.3)

n

Where  xy 

F 
i 1

x n

Ac / s

n = number of nodes

Fx = nodal reaction forces
Ac / s = cross sectional area

 = induced shear strain (2%)
3.2.3 Part
A 2D, planar, deformable part is created in ABAQUS. The part for hexa-chiral
structure consists of 19 unit cells along x-direction and 16 unit cells along y-direction.
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3.2.4 Section and material properties
A solid, homogeneous section is created with Aluminum as the material. The
plane stress/plane strain thickness for the section is 1 m. Table 3.3 describes the
material properties for aluminum:
Table 3.3 : Material properties
Material

Density,   

 kg / m 
3

Aluminum

Young’s Modulus
 E   GPa 

Poisson’s ratio  v 

71.9

0.33

2700

3.2.5 Mesh
8 node plane stress quadrilateral elements (CPS8) are used to mesh the
component. The seed size is adjusted in such a way as to have at least 3 elements along
the thickness of the ligaments.

Figure 3.4 : Mesh for hexa-chiral model
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After creating the mesh, a number of node sets are created to facilitate the
appropriate loading and boundary conditions. Also, field output is requested for certain
nodes to calculate the Poisson’s ratio.
3.2.6 Step
A static analysis of the hexa-chiral structure has been carried out. Hence “Static,
General” step is created in ABAQUS. However, ABAQUS static step requires a certain
time period with number of increments. In this analysis, time period of 1 second is taken
over 10 increments of 0.1 second each.
3.2.7 Field output requests
As discussed in section 3.2, in order to calculate the stress induced on the hexachiral structure, nodal reaction forces are requested at the nodes on the left hand side
of the structure for the x-direction loading conditions, whereas the nodal reaction forces
are requested at the nodes on topmost region of the hexa-chiral structure for ydirection loading condition. For the calculation of Poisson’s ratio, nodal displacements
are requested for the 4 ligament nodes in the inner region of the hexa-chiral structure
(shown in red dots in figure 5).
3.2.8 Boundary conditions
For the investigation of effective mechanical properties in x-direction loading
condition, displacement boundary condition is specified for the nodes on leftmost and
rightmost region of the structure as shown in Figure 3.2. For this purpose, two node sets
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are created for leftmost and rightmost regions each. These node sets consist of the
nodes on the outer surface of the circular node of hexa-chiral structure. In addition to
the displacement boundary condition, all degrees of freedom of two middle nodes on
left and right hand side each are constrained for x-direction loading condition. Similarly,
all degrees of freedom of two middle nodes on top and bottom side each are
constrained for y-direction loading condition. This boundary condition is applied in order
to avoid the vertical or horizontal motion of the entire structure.
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3.3

Finite element model setup for the investigation of effective mechanical

Displacement boundary conditions on
extreme left and right hand side nodes
2% strain
8 node sets for the
calculation of Poisson’s ratio
Center nodes on left and
right hand side constrained

Mesh

properties of anti-tetra-chiral structure

A similar investigation of the effective mechanical properties for the anti-tetrachiral structure has been carried out. In this case, a python script is generated to create
the entire model setup and run the analysis. With the help of this python script, an antitetra-chiral structure with any number of unit cells along x and y-directions can be
generated. The node radius ‘r’, distance between the adjacent nodes ‘R’ and the
thickness of the structure has also been parameterized. For the current analysis of
effective mechanical properties of anti-tetra-chiral structure, number of models having
47

different numbers of unit cells long x and y-directions are generated and analyzed to
finalize the sufficient number of unit cells along x and y-direction to give accurate
results. 10 unit cells along x and y-direction are found sufficient in this case. A mesh
convergence analysis is also carried out to conclude that 2 elements along the thickness
of the structure give a considerable accuracy.
The basic model setup in ABAQUS and the procedure for calculating the effective
mechanical properties for anti-tetra-chiral structure is exactly the same as explained in
section 3.2 for the analysis of hexa-chiral structure.
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3.4

Results and discussion of effective mechanical properties for hexa-chiral and
anti-tetra-chiral structures

3.4.1 Deformed shapes

Figure 3.6 : Deformed shape of hexa-chiral structure in
compressive loading in x-direction
Figure 3.6 shows the deformed shape of hexa-chiral structure in x-direction
compressive loading conditions. It can be observed that, upon applying the load, the
circular nodes of the structure rotate. This rotation is caused due to the torque induced
by the ligaments on to the circular nodes. The ligaments experience a flexure with fullwave shape. A similar deformation mechanism is observed in case of y-direction loading
condition.
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Displacement of top nodes (= 2% shear strain)

All degrees of freedom constrained

All degrees of freedom constrained

Figure 3.7: Deformed shape of hexa-chiral structure in shear loading
condition

Figure 3.7 shows the deformed shape of hexa-chiral structure in shear loading
condition. It can be observed that, due to the specific loading condition in which ydirection and rotational displacements on the top nodes are constrained, the boundary
effects are induced on the four corners of the structure. The truncation of the
honeycomb pattern for specific unit cells along x and y-direction also induces the
boundary effects.
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(a) Compressive loading in x-direction

All degrees of freedom constrained

All degrees of freedom constrained

(a) Shear loading
Figure 3.8 : Deformed shapes for anti-tetra-chiral structure
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Figure 3.8 shows the deformed shapes of anti-tetra-chiral structure in x-direction
compressive loading and shear loading conditions.
3.4.2 Effective Young’s modulus and Poisson’s ratio for hexa-chiral structure
Figure 3.9a shows the plot of compressive stress vs compressive strain for the
hexa-chiral structure with varying R/r. As mentioned earlier in section 3.2.8, small
deformations corresponding to the strain of 2%  x  2%  are assumed. The effective
in-plane Young’s modulus for each case of R/r is calculated by using Equation(1.1.1).
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Figure 3.9 : Plot of (a) compressive stress vs compressive strain and (b) Young's
modulus vs compressive strain for hexa-chiral structure with varying R/r
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For each hexa-chiral structure with specific value of R/r, there are two cases.
One case allows the large deformations of the hexa-chiral structure (NL-ON) and the
other consists only of the small deformation case (NL-OFF). The slope of the stress-strain
line in Figure 3.9(a) is the Young’s modulus for that particular structure with specific R/r.
Figure 3.9(b) shows the plot of Young’s modulus vs compressive strain. It can be
observed that, as R/r ratio for the hexa-chiral structure decreases (i.e. as the node
radius increases), the Young’s modulus values decrease. This suggests that the structure
with smaller node radius is stiffer than the structure with larger node radius. It can also
be observed that the linear deformation model predicts a higher Young’s modulus as
compared to the model with non-linear deformations. This is especially true in case of
large strain values.
Table 3.4 : Effective Young's Modulus and Poisson's ratio for hexa-chiral structure
Effective Young’s Modulus  Ex* 
R/
r

3
5
7
9

Geomet
ry

Finite Element
Analysis
NL-OFF

NL-ON

111.88

110.24

135.04
1
205.29
7
294.03
4

129.96
2
191.83
8
266.14
3

Poisson’s Ratio
 

Analytical
% Diff

Spadon
i [13]

%
Diff

(Analytical = -1)
NLNL-ON
OFF

62.493

44.1

56.092

49.9

-0.49

-0.51

141.17

-4.5

83.406

38.2

-0.76

-0.79

264.63

-28.9

141.99

30.8

-0.79

-0.82

429.96

-46.2

220.79

24.9

-0.78

-0.81

Prall &
Lakes
[9]

Table 3.4 shows the effective Young’s modulus and Poisson’s ratio values for
different configurations of hexa-chiral structures with varying R/r. It can be observed
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that, as the ratio R/r increases from 3 to 7 (i.e. node radius decreases from 9.6233 mm
to 4.123 mm), the negative Poisson’s ratio increases. However, the negative Poisson’s
ratio for R/r = 9 is slightly less (by 0.01) than the negative Poisson’s ratio for R/r = 7. The
table also shows the Young’s modulus values calculated from analytical expressions
proposed by Prall and Lakes [9] and Spadoni [13]. As mentioned earlier in section 2.4,
these analytical expressions are based on the standard Bernoulli-Euler beam theory and
the Timoshenko beam theory which induces inaccuracies owing to the unique geometry
of the chiral structures (Especially for the structure with smaller node radius). Therefore,
from the above table, it can be observed that the analytical values do not match with
the values obtained from finite element analysis and the % difference between the
analytical formulations by Prall and Lakes [9] and finite element (FE - NLOFF) results is
comparatively higher.
Figure 3.10a shows the plot of compressive stress vs compressive strain for hexachiral structure in y-direction loading condition. Young’s modulus is obtained by the
slope of stress-strain curve which is plotted in Figure 3.10b.
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Figure 3.10 : Plot of (a) compressive stress vs compressive strain and (b) Young's
modulus vs compressive strain for hexa-chiral structure in y-direction loading
Based on the above plots in Figure 3.10, Table 3.5 shows the Young’s modulus
and Poisson’s ratio values for different hexa-chiral structures in y-direction loading
condition.
A similar trend in the values of Young’s modulus and Poisson’s ratio is observed
as the one observed in case of x-direction loading condition. As mentioned in the
literature, previous researchers [9,11] have proposed that the theoretical in-plane
Young’s modulus of hexa-chiral structure is same in x and y-direction. However, we have
already seen that the hexa-chiral structure is not identical in 90 degree rotation. Due to
this, the Young’s modulus of hexa-chiral structure is not observed to be same in x and ydirection loading. This is evident from the results presented in Table 3.4 and Table 3.5.
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Table 3.5 : Young's modulus and Poisson's ratio for hexa-chiral structure with varying
R/r in y-direction loading condition
R/r
3
5
7
9

Poisson’s Ratio

Average value of E *y (MPa)
NLOFF
93.9640
117.7946
180.8404
260.9887

NLON
90.2832
107.7772
155.0632
208.3482

NLOFF
-0.48
-0.74
-0.78
-0.76

NLON
-0.49
-0.75
-0.79
-0.78

Also, Prall and Lakes [9] proposed the theoretical in-plane Poisson’s ratio of
hexa-chiral structure to be -1. However, the above investigation of effective mechanical
properties of hexa-chiral structure by detailed finite element analysis suggests that the
in-plane Poisson’s ratio for hexa-chiral structure is approximately in the range of -0.5 to
-0.8 with the value of negative Poisson’s ratio increasing with increase in ratio R/r.
Alderson et al [11] also observed a similar behavior of hexa-chiral structure by finite
element and experimental analysis in which they obtained the Poisson’s ratio to be
-0.81 (Experimental) and -0.77 (Finite element analysis).
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3.4.3 Effective Young’s modulus and Poisson’s ratio for anti-tetra-chiral structure
Figure 3.11(a) shows the plot of in-plane compressive stress  x  vs in-plane
compressive strain   x  for anti-tetra-chiral structure in x-direction loading condition.
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Figure 3.11 : (a) Plot of in-plane compressive stress
(b) Plot of in-plane effective Young’s modulus

0.015

0.02

vs compressive strain
vs compressive strain

for anti-tetra-chiral structure
As observed in case of hexa-chiral structure, even in this case of anti-tetra-chiral
structure, we can observe that decreasing the node radius increases the compressive
stress in the structure for corresponding value of strain. The effective Young’s modulus
for a particular structure is calculated by using Equation(1.1.1). Figure 3.11b shows the
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plot of Young’s modulus vs the compressive strain. The Young’s modulus values are in
the range of 6 MPa (for R/r = 3) to 47 MPa (R/r = 9). Table 3.6 shows the average values
of effective Young’s modulus and Poisson’s ratios for different cases of anti-tetra-chiral
geometries with varying R/r. The table also contains the Young’s modulus and Poisson’s
ratio calculated from analytical expressions. Equation (0.0.29) is used to calculate the
Effective Young’s modulus and from equation (0.0.28) analytical Poisson’s ratio is -1 for
all the cases.
Table 3.6 : Effective Young’s modulus  Ex*  and Poisson’s ratio for anti-tetra-chiral
structure with varying R/r
R/r

Geometry

Poisson’s ratio  xy
FENLOFF
-0.954

FENLON
-0.958

Analytical

3

Average value of E x* (MPa)
FEFEAnalytical % Diff
NLOFF NLON
5.713
5.625
6.439
11.28

5

15.314

14.684

16.284

5.96

-0.967

-0.972

-1

7

29.195

26.996

30.464

4.17

-0.969

-0.974

-1

9

47.172

41.740

48.923

3.58

-0.965

-0.971

-1

-1

It can be observed that, unlike the hexa-chiral structure, in this case of anti-tetrachiral structure, the finite element results match closely with the analytical result for
Young’s modulus and Poisson’s ratio. The Young’s modulus increases at the node radius
of the structure decreases implying that the structure with smallest node radius has the
highest stiffness. The Poisson’s ratio values are close to the proposed theoretical value
of -1. There is also a comparatively less variation in the Poisson’s ratio values for
different structures (-0.949 for R/r = 3 to -0.965 for R/r = 9). It is also interesting to
observe that the negative Poisson’s ratio values increase as the ratio R/r increases from
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3 to 7. However, for the R/r greater than 9, the negative Poisson’s ratio is slightly
smaller than the negative Poisson’s ratio for R/r = 7. A similar trend was also observed in
case of hexa-chiral structure.
In case of anti-tetra-chiral structure, due to the symmetry of the structure to 90
degree rotations, the effective Young’s modulus and Poisson’s ratio values for ydirection loading condition are exactly same as that of the x-direction loading condition.
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3.4.4 Effective Shear Modulus for hexa-chiral and anti-tetra-chiral structure
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Figure 3.12 : Plot of (a) shear stress vs shear strain and (b) effective shear modulus vs
shear strain for hexa-chiral structure with varying R/r
The effective shear modulus for hexa-chiral structure is calculated by using
equation(1.1.3). From Figure 3.12, the same pattern as the one observed in case of
effective Young’s modulus can be observed. Increase in R/r ratio (i.e. decrease in the
node radius ‘r’) increases the shear modulus. However, in case of effective shear
modulus, the case with non-linear deformations predicts a higher shear modulus than
the one with linear deformations especially for higher strain values. A similar behavior is
also observed in case of anti-tetra-chiral structure and the corresponding plots are
attached in the APPENDIX. Table 3.7 shows the numerical values of effective shear
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modulus for different cases of hexa-chiral and anti-tetra-chiral structure with varying
R/r.
Table 3.7 : Effective shear modulus values for hexa-chiral and anti-tetra-chiral
structures with varying R/r
Structure
Hexachiral

Anti-tetrachiral

R/r
3
5
7
9
3
5
7
9

Gxy* (MPa)

NLOFF
27.59
49.72
83.6
122.85
1.264
1.597
1.710
1.757

NLON
28.00
53.55
88.55
123.95
1.265
1.598
1.714
1.762

From the above table, it can be observed that, for both the hexa-chiral and antitetra-chiral structures, as the R/r ratio increases (i.e. the node radius decreases), the
effective shear modulus increases. The effective shear modulus for anti-tetra-chiral
structure is considerably smaller than the effective shear modulus for the hexa-chiral
structure. Also, for both the structures, the effective shear modulus with the non-linear
deformation consideration is higher than the shear modulus with linear deformation
consideration. This is the result of stiffening of the overall structure in shear loading
conditons.
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3.4.5 Effect of varying wall thickness on the effective mechanical properties
For the previous analysis, the wall thickness for each structure was maintained
to be 1 mm. In this section, the effect of varying wall thickness of chiral honeycomb
structure on the effective mechanical properties is investigated. For this analysis, the
extreme case of smallest node radius (i.e. R/r = 9) is chosen. This is because, as we have
seen earlier, the analytical formulations by using standard Bernoulli-Euler beam theories
can sufficiently predict the behavior of hexa-chiral structure for larger node radius.
However, for smaller node radius the standard beam theories fail. Therefore, the effect
of varying core thickness on the hexa-chiral and anti-tetra-chiral structure with smallest
node radius is investigated by using a finite element model with 2D plane stress
elements.
Table 3.8 : Effective Young’s modulus and Poisson’s ratio for of hexa-chiral structure
with varying wall thickness
Thickness

 mm 

Effective Young’s Modulus
 Ex* 
NLOFF

1
0.5
0.25

NLON

294.033 266.143
35.238 31.834
4.099
3.727

Analytical
[Spadoni]
220.79
28.098
3.5282

% diff
from
NLOFF
21
13
6

Poisson’s ratio  xy 
NLOFF

NLON

Analytical

-0.78
-0.89
-0.93

-0.81
-0.92
-0.95

-1
-1
-1

Table 3.1 shows the effective Young’s modulus and Poisson’s ratio values for
varying thickness of the hexa-chiral structure. It can be observed that, decreasing the
thickness by a factor of half sharply decreases the effective Young’s modulus of the
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structure. Also, the Poisson’s ratio approaches the theoretical value of -1 as the
thickness of the structure decreases.
A comparison with the analytical values of effective Young’s modulus obtained
by using equation (0.0.27) suggests that, as the thickness of the structure decreases, the
effective Young’s modulus by finite element method approaches the analytical value.
This is due to the fact that, the analytical formulations are on the basis of either Euler
Bernoulli or Timoshenko beam theory which requires the beam to be comparatively
slender (length to thickness ratio of about 8~10). Therefore, as we decrease the
thickness in the finite element 2D models, the structure approaches to that of the beam
model. Hence, we can observe a comparatively small difference in the finite element
model results and the analytical results for the hexa-chiral structure with smaller
thickness.
Table 3.9 shows a similar trend with respect to varying thickness on the effective
Young’s modulus and Poisson’s ratio for anti-tetra-chiral structure.
Table 3.9 : Effective Young’s modulus and Poisson’s ratio for of anti-tetra-chiral
structure with varying wall thickness
R/r

9

Thickness
(mm)

2
1.75
1.5
1.25
1
0.5
0.25

Young’s modulus (Ex = Ey)
(MPa)
FE - (NLOff)
Analytical
[Spadoni]
377.989
429.22
254.409
281.54
160.357
173.41
92.542
98.015
47.172
48.923
5.714
5.7566
0.693
0.691
63

%
Difference

11.94
9.64
7.53
5.58
3.58
0.74
-0.29

Poisson’s Ratio
FE

Analytical

-0.907
-0.925
-0.94
-0.954
-0.965
-0.981
-0.985

-1
-1
-1
-1
-1
-1
-1

It can be observed that, as expected, decreasing the wall thickness of the antitetra-chiral structure decreases the effective Young’s modulus. Also, as the wall
thickness decreases from 2 mm to 0.25 mm, the numerical values of the effective
Young’s modulus approach the analytical values obtained from Equation (0.0.29). It can
also be observed that, for the structure with smallest wall thickness, the effective inplane Poisson’s ratio approaches the limiting analytical value of -1.
3.4.6 Justification of 2D model on the basis of thickness parametric study
The results presented in section 3.4.5 also justify the use of detailed twodimensional finite element model for the investigation of effective mechanical
properties, vibration and sound transmission behavior of hexa-chiral and anti-tetrachiral structures. In the following chapters, dynamic response and sound transmission
loss behavior of constant mass sandwich panels made of hexa-chiral and anti-tetrachiral core configurations are investigated. In order to keep the constant mass, the
thickness of each core structure is varied in the range of 1.08 mm to 2.01 mm. From
Table 3.8 and Table 3.9, it is evident that, for this thickness range of chiral core
structures, the analytical formulations by using the standard Bernoulli-Euler beam
theory or the Timoshenko beam theory will not give accurate results. Therefore, a
detailed finite element model by using two-dimensional plane strain elements is
employed for further analysis of sandwich panels made of hexa-chiral and anti-tetrachiral core configurations.
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CHAPTER 4

NATURAL FREQUENCY AND VIBRATION ANALYSIS

In this chapter, natural frequency extraction analysis is carried out for the
sandwich panels made of anti-tetra-chiral and hexa-chiral honeycomb core. These
natural frequencies are then used to investigate the steady state dynamic behavior of
the sandwich panel subjected to unit pressure load on the bottom face sheet. The
purpose of this analysis is to investigate the behavior of sandwich panel made of chiral
honeycomb core in the vibration reduction applications.
As mentioned in the literature, Spadoni and Ruzzene [14] investigated the
structural and acoustic behavior of truss-core beams made of hexa-chiral honeycomb
core. They employed a numerical distributed parameter model by using dynamic shape
functions for the study. However, the range of different geometries of hexa-chiral
honeycomb core investigated by Spadoni and Ruzzene [14] is limited with R/r ratio
ranging from 2.5 to 3.7. In the present study, different sandwich panels are studied
having a broad range of chiral honeycomb geometry ranging from R/r = 3 to R/r = 9 for
both the anti-tetra-chiral and hexa-chiral core structures.
Griese [22] investigated the acoustic behavior of sandwich panels made of
regular and re-entrant honeycomb cores with one and two unit cells along y-direction.
For the current analysis of chiral honeycomb sandwich panels, same overall dimensions
of the sandwich panels as the ones used by Griese [22] are employed. The analysis is
carried out for the sandwich panel made of chiral honeycomb core with one unit cell in
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y-direction. Figure 4.1 shows the overall dimensions of the sandwich panel made of
hexa-chiral honeycomb core with R/r = 5.
Total length of the sandwich panel is maintained at ~2 m. However from Figure
4.1, it can be observed that the circular nodes of the chiral honeycomb core are at two
extreme ends. Hence, there is a very small change in the total length of each sandwich
panel with the change in node radius ‘r’. The overall height of the sandwich panel is the
sum of core height and the facesheet thicknesses. The height of the core is 0.08661 m.
Honeycomb core is bounded on both sides by face sheets made of the same material.
The facesheet thickness  t f  is 2.5 mm. These geometric considerations are maintained
same for all the sandwich panels made of both the anti-tetra-chiral core and hexa-chiral
core. The core thickness  tc  for the considered core geometries varies from 1.714 mm
to 2.0954 mm in order to maintain the same overall mass of the honeycomb core (i.e.
same effective density of sandwich panel).

𝑡𝑐

Face sheets

Chiral honeycomb
core

𝑡𝑓

H = 0.08661

L = ~ 2m
Figure 4.1 : Honeycomb sandwich panel with one unit cell of hexa-chiral core in ydirection
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4.1

Sandwich panels made of different core geometries
In order to compare the natural frequencies and corresponding dynamic

response of different geometries of honeycomb sandwich panel, the overall mass (or
effective density,  ) for each panel is maintained same. This is achieved by using the
analytical formulae for the effective density derived by Lorato et al [8] which are based
on the geometric considerations of the chiral honeycomb structures. They are given by,
For anti-tetra-chiral structure:

*
anti
tetra   s

  2    2     2   1    sin  
2

(1.1.4)

For hexa-chiral structure:
*
hexa
 s

 3    2      3   1     sin 
   2  2 
2 3  1    
2
4 


In the above equations,

 * = Effective density of the respective chiral honeycomb core = 270 kg/m3
 s = Density of the base material, Aluminum (2700 kg/m3)
tc = thickness of the core

 = thickness of core/node radius  tc / r 
 = Length of ligament/node radius  L / r 
L  R (For anti-tetra-chiral structure)
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(1.1.5)

2

R
L  r    22 (For hexa-chiral structure
r

  cos1 1   
In this case, with one unit cell along y-direction, core height (H) is maintained
0.08661 m for all the structures. From Figure 4.1, we can observe that H is equal to the
distance between two adjacent circular nodes, R. Based on the above geometric and
material considerations, value of  can be obtained for a particular case of R/r (= 3, 5, 7,
or 9) which will give the thickness of the core, tc . It can be observed that the
Equation(1.1.5) is non-linear equation in  . Hence an “fzero” function (non-linear
eqution solver) in MATLAB is used to obtain the value of  .
On the basis of above calculations, different cases for sandwich panel with hexachiral honeycomb core are obtained by varying R/r. Table 4.1 shows the geometric and
material parameters for these different cases.
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Table 4.1: Different cases of chiral honeycomb sandwich panels with 1 unit cell along
y-direction and having same effective density (270 kg/m3)
R=H
 mm 

Chiral
Structure

Hexachiral
86.61
Antitetrachiral

Effective

R/r

Node
radius
‘r’
 mm 

Thicknes
s of core
 mm 
‘t’

Length of
ligament
 mm 
‘L’

density, 
from Eq.(1.1.5)
 kg / m3 

Mass of
Panel
 kg 

9
7
5
3
9
7
5
3

9.6233
12.3728
17.322
28.87
9.6233
12.3728
17.322
28.87

2.095
2.004
1.875
1.714
1.684
1.560
1.370
1.080

84.4444
82.9996
79.3794
64.555
43.305
43.305
43.305
43.305

270
270
270
270
270
270
270
270

68.84
68.41
68.13
68.17
70.35
70.15
69.79
70.05

*

Figure 4.2 shows the different models of sandwich panel generated in ABAQUS
using the above geometric parameters.

R/r=9
R/r=7
R/r=5
R/r=3
(a) Hexa-chiral Structures
R/r=9
R/r=7
R/r=5

R/r=3
(b) Anti-tetra-chiral Structures
Figure 4.2 : Different cases of sandwich panels made of hexa-chiral and antitetra-chiral core with varying R/r
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4.2

Natural frequency analysis
Natural frequencies in the range of 1 Hz to 2000 Hz are obtained for each

honeycomb sandwich panel using ABAQUS 6.10. Table 4.2 explains the model setup for
the analysis.
Table 4.2: Model setup for natural frequency analysis of hexa-chiral structure
Part
Material
Section
Mesh

Step
Boundary
Conditions

2D – Planar – Deformable
Aluminum: Density = 2700 kg/m3
Young’s Modulus = 71.9e9
Poisson’s ratio = 0.33
Damping (structural) = 0.01
Solid – Homogeneous (Plane stress/strain thickness = 1 m)
8 node quadratic plane stress elements are used (CPS8)
(Whole part is seeded in such a way as to have at least 3 elements
along the thickness of the ligament for hexa-chiral structure and 2
elements along the thickness of anti-tetra-chiral structure)
1) Initial step - default
2) Linear Perturbation – Frequency step (1Hz to 2000 Hz)
Pin-joints at four corners of the sandwich panel (midpoint of
facesheets)

All the sandwich panels made of hexa-chiral and anti-tetra-chiral honeycomb
core are modeled as explained in the above table. Mesh convergence studies are also
carried out to determine the sufficient number of elements which will accurately predict
the natural frequency values upto a frequency of 2000 Hz.
In Table 4.3, first 12 natural frequencies for both the hexa-chiral and anti-tetrachiral core panels are shown along with the % difference in the natural frequency values
from the respective values for the case of R/r = 9.

70

Table 4.3: Comparison of first 12 natural frequencies
Mode
No.

Hexa-chiral structure
Natural Frequency (Hz)
% decrease from R/r = 9
R/r = 9 R/r = 7 R/r = 5 R/r = 3 R/r = 7
R/r = 5 R/r = 3

1
2
3
4
5
6
7
8
9
10
11
12

118.57
279.30
460.83
628.53
758.44
804.51
844.51
898.30
933.40
957.67
974.79
986.44

1
2
3
4
5
6
7
8
9
10
11
12

30.20
61.05
94.18
128.39
164.01
200.94
239.15
278.48
318.88
360.28
402.58
445.85

7.50
92.391
65.78
11.34
197.15 133.97
13.22
312.93 209.76
13.78
423.78 283.88
13.19
522.60 355.69
7.56
605.36 424.02
6.34
671.79 488.34
10.65
723.19 547.64
9.63
761.96 600.77
8.91
771.87 645.97
8.42
790.24 681.12
8.11
809.49 703.71
Anti-tetra-chiral structure
27.37
22.72
15.41
9.37
55.23
45.78
31.06
9.54
84.88
70.05
47.41
9.87
115.50
95.10
64.43
10.04
147.45 121.28
82.36
10.10
180.72 148.68 101.36
10.06
215.37 177.41 121.56
9.94
251.32 207.51 143.04
9.75
288.52 238.99 165.89
9.52
326.86 271.85 190.14
9.28
366.37 306.04 215.82
8.99
406.97 341.57 242.93
8.72

109.68
247.62
399.89
541.93
658.39
743.65
790.96
802.66
843.51
872.34
892.71
906.46

22.08
29.41
32.09
32.58
31.10
24.75
20.45
19.49
18.37
19.40
18.93
17.94
24.76
25.02
25.62
25.93
26.05
26.01
25.82
25.48
25.05
24.55
23.98
23.39

44.53
52.03
54.48
54.83
53.10
47.29
42.17
39.04
35.64
32.55
30.13
28.66
48.98
49.11
49.66
49.81
49.78
49.55
49.16
48.63
47.97
47.22
46.39
45.51

From the above table, it is clearly evident that the natural frequency values at a
particular mode number are smaller for anti-tetra-chiral structure as compared to the
respective natural frequency value of hexa-chiral structure. The first modal natural
frequency for anti-tetra-chiral structure occurs at 15.41 Hz for the structure with R/r = 3
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whereas for the hexa-chiral structure, first modal natural frequency occurs at 65.78 Hz
for the structure with R/r = 3. In the above table, the % difference in the numerical value
of each natural frequency from the natural frequency value for structure with R/r=9 are
shown. It can be observed that, for both the hexa-chiral and the anti-tetra-chiral
structures, as the R/r ratio decreases, the numerical values of natural frequencies
decrease.
The natural frequency of any structure depends on its stiffness and mass. For the
current analysis, the effective density of each sandwich panel core is maintained same
which results in the same quantity of mass for each panel (as face-sheet thickness of 2.5
mm is same for each panel). From Table 4.3, it can be observed that, for a particular
mode, the natural frequency values for the structure with R/r = 9 are consistently higher
than the other structures in case of both hexa-chiral and anti-tetra-chiral structures.
Therefore, considering the overall mass of each sandwich panel is same, it can be
concluded that, the decrease in R/r ratio (or increase in cylinder radius, r) causes
decrease in the overall stiffness of the structure.
4.2.1 Mode Shapes
There are two types of vibration mode shapes observed in the sandwich panel:
1) Flexural and 2) Dilatational. In flexural mode of vibration, at a particular location on
the sandwich panel, the two face-sheets bend in the same direction. In dilatational
mode of vibration, the two face-sheets bend in the opposite direction. A general trend
observed in case of vibration modes of chiral core sandwich panels investigated in this
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study is that, the flexural modes of vibration are observed at lower natural frequencies
(~ 1Hz to ~800 Hz) whereas the dilatational mode of vibration occurs at higher natural
frequencies. The mode of vibration also plays a critical role in the sound transmission
behavior of the sandwich panels which will be discussed in detail in the later sections.
Figure 4.4 and Figure 4.4 show the flexural and dilatational modes of vibration
respectively for anti-tetra-chiral structure with R/r = 9. The mode shapes for different
structures investigated in this study are attached in the APPENDIX.

Figure 4.4 : Flexural mode of vibration for anti-tetra-chiral structure
with R/r = 9 at 47.4 Hz

Figure 4.4 : Dilatational mode of vibration for anti tetra-chiral
structure with R/r = 9 at 711.86 Hz

4.3

Dynamic Response of hexa-chiral and anti-tetra-chiral structures
In this section, the dynamic response of the chiral honeycomb core sandwich

panel is investigated over a frequency range of 1 Hz to 2000 Hz. Honeycomb sandwich
panel is subjected to a pressure load of unit magnitude on the bottom face sheet. This
causes the vibration of the face sheets as well as the chiral honeycomb core. The
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response of the sandwich panel is measured by the intensity of the root mean square
velocity  I vrms  of the nodes on top and bottom surface of the two face-sheets.

4.3.1 Model setup and analysis
The basic model setup for the dynamic response analysis is same as the one
explained in Table 4.2 for the model setup for natural frequency analysis. This includes
the part module, material properties, section properties and boundary conditions.
However, for the dynamic response analysis, following information is needed for the
complete model setup.
4.3.1.1 Step
1) Initial step – default step in ABAQUS
2) Steady state dynamics, Direct - with complex response and linear scale
In the steady state dynamics, Direct step, tabular data is created by using the
natural frequency values for a particular structure obtained in the natural frequency
extraction analysis. In order to measure the accurate dynamic response of the sandwich
panel, sufficient numbers of points in between the successive natural frequency values
are needed. Convergence studies are performed to finalize the sufficient number of
points needed. It was observed that for the lower natural frequencies (~first 10 to 12),
the difference in natural frequency values is comparatively large as compared to the
higher natural frequency values. Hence, more numbers of points are needed in between
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the lower natural frequencies (approximately 1 point per 5 Hz). The bias of 2 is used in
order to have more evaluation points near the natural frequency values.
4.3.1.2 Field output requests
Two node sets are created for the nodes on top face of top face sheet and
bottom face of bottom face sheet each. The field output of displacement is requested
for each of these node sets.
4.3.1.3 Load and boundary condition
A normal incident pressure wave corresponding to unit pressure load of 1 Pa is
applied on the bottom face of bottom face-sheet as shown in Figure 4.5. Four corners of
the sandwich panel are constrained as pin-joints.

Pressure = 1 Pa

Figure 4.5 Model setup for dynamic behavior of hexa-chiral structure
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4.3.2 Post Processing
4.3.2.1 Root mean square velocity
The dynamic response of the honeycomb sandwich panel is measured by the
root mean square velocity of the y direction displacement of each node on the top face
of top face sheet. This is given by [31],
1/2

1 L

2
vrms       2 u y  x,    dx 
L 0


(1.1.6)

Using finite element discretization, the root mean square velocity can be calculated as,

 1
vrms     
 Nn

1/2


uy 

i
i 1

n

2

(1.1.7)

In the above equations,

 is frequency in cycles per second (Hz)
N n is number of nodes
u y is the displacement of respective node in y-direction

The root mean square velocity is expressed in decibel scale by normalizing it to a
reference velocity. This quantity is the intensity of the root mean square velocity, given
by,

I rms  20log10
Where v0 is the reference velocity of 5e-8 m/s [31].
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vrms
v0

(1.1.8)

4.3.2.2 Vibration Transmission Loss (VTL) Index
Vibration transmission loss (VTL) index is used to measure the effectiveness of
the sandwiched honeycomb core with regards to the vibration isolation behavior of the
constraining layers [14]. It is given by,

VTL  10log10

1

(1.1.9)

v

Where  v is the vibration transmission coefficient given by [14],
Lt

v 

2

u y  x,    u y#  x,    dx
t
t

2

u y  x,    u
b



0
Lb



#
y

 x,  b dx

(1.1.10)

0

Again, by using the finite element discretization, the vibration transmission coefficient is
given by,
e
N e x2

v 



 2   uy  x t
e 1 xe
1



2

   u  x
e
N e x2

2

e 1 xe
1

y

2

 dx
e

 dx

(1.1.11)

b e

4.3.3 Interpretation of Results
By using the procedure explained in section 4.3.1, the steady state dynamic
analysis for each sandwich panel is run in ABAQUS. The post-processing is then
performed by using the expressions mentioned in section 4.3.2 to plot the intensity of
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root mean square velocity  I vrms  and vibration transmission loss VTL  index against
the excitation frequency   .
Previous researchers [14,31] have observed that the dynamic behaviour of the
sandwich panel made of periodic cell honeycomb core varies significantly with respect
to the excitation frequency  . The dynamic response in terms of the intensity of the
root mean square velocity can be divided into three distinct frequency regions. In the
low frequency (LF) region, the response is influenced by the similar deformation
patterns of the top and bottom face sheets. In this region, there are very small local
deformations of the honeycomb core and the variation in core geometry only affects
the overall bending stiffness of the of the sandwich panel. In the mid frequency (MF)
region, the overall deformation of the sandwich panel is influenced by the resonance of
the honeycomb core. In this region there is comparatively larger deformation of the
honeycomb core due to which the displacement of the top and bottom constraining
layer is not similar as opposed to the behavior observed in the LF region. In the
following region of high frequency (HF), the overall deformation of the sandwich panel
is affected by the resonance of both the constraining layers as well as the honeycomb
core.
For the plot of  I vrms  vs   , the peak I vrms values are attained at the odd
natural frequency values of the hexa-chiral structure. However, for the even natural
frequency, no such peaks are observed.

78

4.3.3.1 Dynamic response of hexa-chiral structure

(a) Dynamic response of hexa-chiral structure with R/r = 3
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(b) Dynamic response of hexa-chiral structure with R/r = 9
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(c) VTL index of hexa-chiral structure
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Figure 4.6 : Dynamic response of hexa-chiral structure with R/r = 3 (a)
Dynamic response of hexa-chiral structure with R/r = 9 (b)
VTL index for all configurations of hexa-chiral structure
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7
9

Figure 4.6 shows the dynamic response of sandwich panel with hexa-chiral core
for two extreme cases of R/r = 3 and R/r = 9. The corresponding vibration transmission
loss (VTL) index is also shown for each structure. For the case of R/r = 3, the node radius
is the largest, i.e. 28.87 mm while for the case of R/r = 9, the structure has the smallest
node radius, which is 9.6233 mm. It can be observed that, for the case of R/r = 3, the
low frequency (LF) region,associated with similar displacements of the top and bottom
constraining layers, ranges from 1 Hz to ~300 Hz. Whereas , in case of R/r = 9, the LF
region extends from 1 Hz to ~750 Hz. This suggests that, for the hexa-chiral structure
having larger node radius, the influence of core deformations on the overall
deformation of the sandwich panel starts at lower frequencies as compared to the
structures made of small node radius. This result can also be infered from VTL  vs  
plot. For the case of R/r = 3, the VTL  is close to zero for a small range of frequency
(1Hz to ~300 Hz) as compared to the case of R/r = 9 in which the VTL  is close to zero
up to higher range of frequencies (1 Hz to ~750 Hz).
In the mid-frequency (MF) region, the core resonance affects the overall
deformation behavior of the sandwich panel. From Figure 4.6(a) it can be observed
that,for R/r = 3, MF region spans from ~300 Hz to ~1200 Hz in which the I vrms for top
layer is consistently higher than the I vrms for bottom layer due to the core resonance.
This means that, in this frequency region, due to the core resonances, more vibrational
energy is transmitted from the bottom layer to the top layer of sandwich panel. For R/r
= 9, the MF region spans from ~800 Hz to 1750 Hz. From the plot of VTL vs frequency
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Figure 4.6(c), it can be observed that, in the respective MF regions for the cases with R/r
= 3 and R/r = 9, the VTL curve is comparatively close to zero for R/r = 9 as compared to
the VTL curve of R/r = 3. This suggests that, the core resonance has comparatively
smaller effect on the overall dynamic behavior of the hexa-chiral structure with smaller
node radius (R/r = 9) as compared to the core resonance effects on the dynamic
response of hexa-chiral structure with bigger node radius (R/r = 3). This can also be
attributed to the higher stiffness of the hexa-chiral structure with R/r = 9 as compared
to structure with R/r = 3.
In the high frequency (HF) region, the overall dynamic behavior of the sandwich
panel is affected by the resonance of both the constraining layers and the honeycomb
core. For the hexa-chiral structure with R/r = 3, this region begins at ~1200 Hz whereas
for R/r = 9 it begins at ~1750 Hz. From Figure 4.6 (a) and (b), it can be observed that, in
HF region, the I vrms of bottom layer is higher than the I vrms for top layer for both cases
of hexa-chiral structure. This suggests that, in this frequency region, hexa-chiral
structures absorb the vibrations induced on the bottom layer and therefore can act as
the vibration insulators. From the plot of VTL vs frequency in Figure 4.6, it can also be
observed that, for the higher frequencies, VTL index for R/r = 3 is comparatively higher
than the VTL index for R/r = 9. Therefore, at higher frequencies, hexa-chiral structure
with large node radius is a better vibration insulator as compared to the hexa-chiral
structure with smaller node radius.

81

It is also observed that, the hexa-chiral structure with large node radius (Figure
4.6a) has more number of I vrms peaks at lower frequencies (1 Hz to 1000 Hz) as
compared to the hexa-chiral structure with smaller node radius. This is also evident
from Table 4.3 in which it can be observed that, in the range of 1 Hz to 1000 Hz, the
structure with R/r = 3 has more number of natural frequencies than the structure with
R/r = 9.
On the basis of above analysis, it is evident that, by changing the radius of the
nodes of hexa-chiral structure, the frequency range for intra-cell core resonance can be
shifted according to a desired range. For the hexa-chiral structure with smaller node
radius the intra-cell resonance occurs at a higher frequency range as compared to the
structure with bigger node radius.
The findings of chapter 3 can also be correlated with the results obtained in this
section. In chapter 3, the effective mechanical properties of the hexa-chiral structure
are obtained. Based on the effective Young’s modulus values, it is observed that the
structure with largest node radius (R/r = 3) is less stiff as compared to the structure with
smallest node radius (R/r = 9). This also explains the influence of core deformations on
the overall deformation of sandwich panel at lower frequencies in case of R/r = 3,
whereas in case of R/r = 9, the core deformations influence the overall deformation at
comparatively higher frequencies.
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4.3.3.2 Dynamic response of anti-tetra-chiral structure

(a) Dynamic response of anti-tetra-chiral structure with R/r = 3
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(b) Dynamic response of anti-tetra-chiral structure with R/r = 9

1800

2000

Ivrms (top)
Ivrms (bottom)
50

I

vrms

(w) [dB]

100

0

0

200

400

600

800
1000
1200
1400
frequency (w) [Hz]
(c) VTL index of anti-tetra-chiral structure
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Figure 4.7 : Dynamic response of anti-tetra-chiral structure with R/r = 3 (a)
Dynamic response of anti-tetra-chiral structure with R/r = 9 (b)
VTL index for all configurations of anti-tetra-chiral structure
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Figure 4.7 shows the steady state dynamic response of anti-tetra-chiral structure
subjected to pressure load of unit magnitude on the bottom face-sheet over a
frequency range of 1 Hz to 2000 Hz. A similar behavior as the one observed in case of
hexa-chiral structure is observed in this case as well. The decrease in node radius of
anti-tetra-chiral structure shifts the frequency range of intra-cell resonance to a higher
value. For the case of R/r = 3, the effect of intra-cell resonance on the overall
deformation of the sandwich panel begins at ~150 HZ, whereas in case of R/r = 9, the
intra-cell resonance effects appear at ~700 Hz.
4.4

Trends and observations
From Figure 4.6 and Figure 4.7, it can be observed that for the low frequency (LF)

and mid frequency (MF) region (up to ~1300 Hz), the vibration transmission loss (VTL)
for all the structures is negative. This region also coincides with the core resonance of
the sandwich panel. The core resonance induces larger displacement on the top facesheet as compared to the displacement of the bottom face-sheet. This results in the
negative VTL implying that the structure has poor vibration isolation characteristics in
this frequency region. However, in the frequency region of 1300 Hz to 1800 Hz, the case
of hexa-chiral structure with R/r = 3, the VTL is positive implying that the structure has
good vibration isolation characteristics in this frequency region.
In the mid-frequency (MF) region, a peculiar behavior is observed in the case of
both hexa-chiral and anti-tetra-chiral structures with bigger node radius (R/r = 3). From
Figure 4.6 (c), it can be observed that the VTL decreases consistently up to a frequency
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of 800 Hz (except for the peaks at modal natural frequencies) and then increases to a
positive value up to a frequency of 1050 Hz. This behavior is attributed to the presence
of dilatational modes of vibration which increase the vibration loss through the
sandwich panel. From Figure 4.7, a similar effect of dilatational modes of vibration on
the transmission loss of sandwich panel made of anti-tetra-chiral core is also observed.
A detailed discussion on the effects of dilatational modes of vibration on the
transmission loss through the sandwich panel along with the corresponding mode
shapes is explained in section 5.3.3.
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CHAPTER 5

SOUND TRANSMISSION BEHAVIOR OF CONSTANT
MASS CHIRAL STRUCTURES

In this chapter, the sound transmission behavior of sandwich panels made of
hexa-chiral and anti-tetra-chiral core is investigated. The purpose of this analysis is to
measure the sound transmission loss (STL) through sandwich panels made of different
chiral core geometries and propose a chiral core structure which has maximum sound
transmission loss characteristics.
The constant mass chiral core sandwich panels investigated in the previous study
of dynamic response of sandwich panels are employed in the present analysis. As
explained in the introduction to sound transmission loss behavior in section1.4, the
constant mass of all the panels implies that the STL curve for each panel is in the mass
law region and any observed difference in the STL curve for two different sandwich
panels is solely on the account of geometry and the stiffness of the chiral core structure.
In this analysis, a chiral core sandwich panel is subjected to an incident plane
pressure wave on the bottom face-sheet. The cases with pressure wave incident at
normal as well as at varying incidence angle are investigated. A measure of sound
transmission loss based on the incident and transmitted sound power on the bottom
and top face-sheets respectively is employed to understand the sound transmission
behavior of different sandwich panels. The analysis procedure and the interpretation of
results is explained in detail in the following sections.
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5.1

Model Setup in Abaqus
Figure 5.1 shows model setup for the investigation of sound transmission loss

behavior of sandwich panel made of chiral honeycomb core.

Non-reflecting
Boundary Condition
Air Domain

Sandwich Panel

Incident Pressure
Wavefront
Figure 5.1 : Model setup in Abaqus for the investigation of sound
transmission loss behavior of chiral structures
The model consists of two parts: 1) Sandwich panel and 2) Fluid domain which is
air in this case. 2D part models are created for both the sandwich panel and air domain.
Acoustic scattered wave formulation is used in Abaqus.
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5.1.1 Parts
5.1.1.1 Air domain

Radius = 2 m

Edge 1

Edge 2

Edge 3

Figure 5.2 : Air domain part geometry and mesh

Figure 5.2 shows the part geometry and mesh for the air domain. For all the
different cases of hexa-chiral and anti-tetra-chiral sandwich panels analyzed in this
study, the same part model of air domain is used. It has a radius of 2 meters. This value
is chosen to have the air domain up to a sufficient distance from the sandwich panel in
order to avoid any inaccuracy in the results due to boundary effects. The bottom edge
of the domain is partitioned in three edges as shown in Figure 5.2. The length of edge 2
is equal to the overall length of the sandwich panel.
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Air domain is discretized by using 3-node 2D linear acoustic elements (AC2D3).
The domain is meshed in such a way that there is a finer mesh size in the region
adjacent to the honeycomb sandwich panel. The mesh density gradually decreases to
the boundary of the air domain. For accurate results it is necessary that there are at
least 5~6 elements per wavelength of the propagating plane wave. For the current
analysis, plane pressure wave of unit magnitude is incident on the sandwich panel.
Steady state dynamic analysis is carried out over a frequency range of 1 Hz to 2000 Hz to
obtain the sound transmission response through the sandwich panel. Therefore, wave
number for the plane propagating wave in the air as fluid medium is given by,

k


c

(1.1.12)

In the above equation, for a frequency range up to 2000 Hz,   2 *2000  4000 and
the speed of sound in air, c  343 m / s . Therefore,

k

4000
 36.6366 m1
343

(1.1.13)

The wavelength of a plane wave is given by,



2
 0.17
k

(1.1.14)

Since  5* seed size    , Therefore, seed size  0.2   0.034 .
On the basis of above calculations, uniform seed size of 0.012 is used for edge 2.
A single bias seed size ranging from minimum seed size of 0.012 to the maximum seed
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size of 0.04 towards domain boundary is used for edges 1 and 3. Finally, uniform seed
size of 0.04 is used for the circular boundary of the domain.
Three different sets in the part module of air domain are created to request the
required sound transmission data as output from Abaqus analysis. These sets include:
1) Node set for air nodes in contact with honeycomb sandwich panel
2) Node set for nodes on the circular boundary of air domain
3) Surface set for the surface directly in contact with sandwich panel
5.1.1.2 Chiral honeycomb core sandwich panel
The sound transmission loss behavior of both the hexa-chiral and anti-tetrachiral structure is investigated. In CHAPTER 4, four different cases of each structure with
varying R/r are investigated. However, no drastic change in the behavior of the
intermediate cases of R/r (= 5 and 7) were observed. Hence, for this particular study of
sound transmission behavior, two extreme cases for each structure are investigated.
This includes: structures with the smallest and largest node circle radii (i.e. R/r = 3 and
R/r = 9). Figure 5.3 shows the different sandwich panels investigated in this study.
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Hexa-chiral structure
R/r = 3
R/r = 9
Anti-tetra-chiral structure
R/r = 3
R/r = 9
Figure 5.3 : Chiral honeycomb core sandwich panels investigated for sound
transmission behavior
The overall dimensions and the other geometric parameters of both the chiral
honeycomb core and two face-sheets of all the above models are same as used in
CHAPTER 4 for the investigation of dynamic response of chiral structures.
However, in this particular investigation, the structures are discretized by using
2D plane strain elements as opposed to 2D plane stress elements as used in the earlier
analysis. This is because, in this case, the sandwich panel is basically a partition between
two enclosed spaces and is assumed to have an infinite out-of-plane depth as compared
to the in-plane dimensions of the panel. This is plane-strain condition. Hence, 8-node
biquadratic plane strain quadrilateral (CPE8) elements are used to mesh the sandwich
panel.
5.1.2 Section and material properties
A Solid, homogeneous section with plane strain thickness of 1 m is created for
both the parts. The material properties for the honeycomb sandwich panel made of
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aluminum are same as described in Table 3.3. For the air domain the material properties
are described in following table.
Table 5.1 : Material properties of air domain
Material

Density,   

 kg / m 
3

Air

1.2

Bulk Modulus
 Pa 
141179

5.1.3 Step
A steady state dynamic analysis is carried out over a frequency range of 1 Hz to
2000 Hz. Prior to this study, a separate natural frequency analysis is carried out for each
structure to obtain all the natural frequencies in the frequency range of 1 Hz to 2000 Hz.
These natural frequencies are then used as a frequency sweep input with sufficient
number of points in between each frequency range and a bias of 2.
Step 1 – Default step in Abaqus
Step 2 – Steady state dynamic, Direct step with linear scale.
5.1.4 Field output requests
Field output of acoustic pressure is requested at the two node sets: 1) The nodes
on the surface which is directly in contact with the sandwich panel and 2) nodes on the
circular boundary of the air domain. Another field output of acoustic pressure is
requested separately for the entire model in order to observe the contour plots of
pressure distribution.

92

5.1.5 Tie Constraint
Honeycomb sandwich panel is tied to the air domain by using surface based tie
constraint as shown in Figure 5.4.

Surface based
tie-constraint

Air Domain

Sandwich
panel
Figure 5.4 : Surface based tie-constraint between sandwich panel and air
domain
For the tie constraint, master surface is the one which has a finer mesh [32].
Hence, top surface of the top face-sheet is selected as the master surface and the
surface set of the partitioned edge 2 of bottom surface is selected as the slave surface.
5.1.6 Interactions
5.1.6.1 Incident wave formulation
Pressure wave front of unit magnitude is incident on the bottom face sheet of
the sandwich panel as shown in Figure 5.5. This is achieved by the ‘Incident Wave’
interaction property in Abaqus.
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Impinged surface
1m

Stand-off point
Source point

Figure 5.5 : Acoustic incident wave formulation in Abaqus

In the assembly module, the two parts are assembled in such a way that the
global co-ordinate system is at the mid-point of the top surface of the top-face-sheet.
Two reference points at a distance of 1 m are created which act as source point and
stand-off point respectively. The location of the reference point for the stand-off point
on the on the bottom face-sheet is fixed at the mid-point of the bottom surface of the
facesheet. The location of the reference point which acts as a source point is at a
distance of 1 m below the stand-off point. The x-coordinate of stand-off point depends
on the angle of incidence   . Finally, a planar incident wave with reference magnitude
of 1 and the corresponding fluid constants for air are defined in the Interaction
property. Real amplitude of magnitude 1 in tabular form is defined for the two extreme
values of frequency range.
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5.1.6.2 Non-reflecting boundary condition
The acoustic absorbing impedance of circular non-reflecting type is defined on
the semi-circular surface of the fluid domain. This non-reflecting boundary condition is
essential in order to avoid any reflection off the boundary of the fluid domain which
may affect the accuracy of the sound transmission loss results.
5.1.7 Displacement Boundary Condition
Pin joints are defined at the four corners of the sandwich panel (i.e. x and y
displacements of mid-points of the face-sheet sides are constrained).
5.2

Post-processing and discussion of results
The model setup explained in section 5.1 is analyzed for three different cases of

pressure wave incidence angle   0 ,30 , 60

 for both hexa-chiral and anti-tetra-

chiral structures. The pressure values (POR) are requested at two node-sets and also for
the whole model as explained in section 5.1.4. The plot of sound transmission loss index
(STL) over a frequency range of 1 Hz to 2000 Hz is plotted.
5.2.1 Calculation of Sound Transmission Loss (STL)
From Equations (0.0.8) and (0.0.9),

STL    10 log10
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 P  x,  ,   inc
 P  x,  ,   trans

(1.1.15)

Also, from Equation (0.0.7), the incident sound power is given by,

L

Pinc  

pi

2

2 i ci
0

dx

(1.1.16)

In the above equation, i and ci are the density and speed of sound in fluid
medium on the incident side which is air in this case. Also, a plane pressure wave of unit
magnitude is incident on the bottom face-sheet, the magnitude of pressure at each
point on the bottom surface of bottom face-sheet is 1 (i.e. pi  1 ). Therefore, Equation
(1.1.16) simplifies to

Pinc 

1 Li
2 air cair

(1.1.17)

Similarly, from Equation (0.0.7), the transmitted sound power to the top side air
domain is given by,

L

Ptrans  

pt

2

2 t ct
0

dx

From the Abaqus analysis, the magnitude of pressure transmitted to the nodes
on the bottom surface of air domain which are in direct contact with the sandwich panel
are obtained as field output. These values are then used to obtain the transmitted
sound power by using finite element discretization as follows:
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Ptrans 

1
2 air cair

Nel


e 1

x2e

x1e

p  x  dx
2

(1.1.18)

Therefore, from Equations (1.1.15), (1.1.17) and (1.1.18), the sound transmission loss
(STL) index is given by,



L


2c


STL  10 log10
N
2
 1 el x2e

p
x
dx



e
 2  c x1

e 1



(1.1.19)

By using the numerical integration (for example trapz function in matlab), and defining

p  x   f  x  , the transmitted power can be calculated as
2

Nel


e 1

x2e

x1e



p  x  dx  trapz x, f  x 
2



(1.1.20)

On the basis of above calculations, sound transmission loss curve is plotted
against the frequency range of 1 Hz to 2000 Hz for different cases of hexa-chiral and
anti-tetra-chiral structure with normal as well as varying incidence angle   .
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5.2.2 STL through sandwich panels with hexa-chiral honeycomb core
Figure 5.6 shows the STL response of sandwich panels made of hexa-chiral
honeycomb core subjected to the plane pressure wave incident at 0 . In this figure, STL
plots for two extreme cases of R/r are shown (R/r = 3 and R/r = 9 since it is observed
that there is no drastic changes in the STL response of the intermediate cases of R/r. As
mentioned earlier, R/r = 3 corresponds to the largest circular node radius and vice versa.
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Figure 5.6 : STL for hexa-chiral structure with normal incidence

In Figure 5.6, a dip in the STL curve is observed at the natural frequency
values because, at the natural frequency, the honeycomb core vibrates with the largest
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amplitude. This results in maximum energy transmission from the incident side to the
transmitted side of the sandwich panel. The maximum energy transmission
corresponds to the minimum sound transmission loss. It can also be observed that, the
first dip for the hexa-chiral structure with largest node radius is at a lower frequency
than the first dip for the hexa-chiral structure with small node radius. This result is as
expected from the natural frequency extraction analysis of hexa-chiral structure (Table
4.3). The second and the consequent dips in the STL curve are observed at the odd
natural frequencies.
The overall sound transmission behavior of two different structures is compared
by the area under the STL-frequency curve. The larger area under the curve corresponds
to higher sound transmission loss through the panel. From Table 5.2, it can be observed
that the area under the curve is higher for the case with R/r = 9 which suggests that the
structure with smaller node radius exhibit higher sound transmission loss.
Table 5.2 : Area under the STL-frequency curve for hexa-chiral structures with normal
incidence
Hexa-chiral structure
R/r = 3
R/r = 9

Area under the curve (dB.Hz)
76639
87430
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Further, the sound transmission behavior of sandwich panel is investigated with
the plane pressure wave incident at different angles. Four more cases, with

  15 ,30 , 45 and 60 are investigated. Figure 5.7 shows the STL plots for hexa-chiral
structure with plane pressure wave incident at different angles.
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Figure 5.7 : STL plot for hexa-chiral structure (R/r = 3) with varying plane pressure
wave incident angle
It is clearly evident that the case with normal incidence angle   0

 has a

higher sound transmission loss as compared to the cases with other angles of incidence.
In the mid-frequency range of ~250 Hz to 1050 Hz, the overall STL decreases to a

100

minimum as the angle of incidence is increased from 0 to 30 . Then, as the angle of
incidence is increased from 30 to 60 the overall STL increases. At higher frequencies
the core resonance dictates the STL behavior and no specific pattern of STL behavior is
observed. However, the case with normal incidence has a higher STL over the entire
frequency range. This is also evident from Table 5.3 in which it can clearly be observed
that the area under the STL-frequency curve for R/r = 3 is maximum for the angle of
incidence of 0 and minimum for the angle of incidence of 30 .
A similar STL behavior is observed for the case with R/r = 9 (smaller node radius)
subjected to plane pressure waves incident at different incidence angles. The respective
plot is shown in the APPENDIX. The values for area under the STL-frequency curve for
hexa-chiral structure with R/r = 9 are shown in Table 5.3.
Table 5.3 : Area under the STL-frequency curve for hexa-chiral structure with different
angle of incidence
R/r

3

9

Angle of Incidence  
(degrees)
0
15
30
45
60
0
30
60

Area under the
STL-frequency curve
(dB.Hz)
76638
75670
65319
68719
71971
87430
78832
77612

When we take into account the STL behavior of both the cases of hexa-chiral
structure (R/r = 3 and R/r = 9) subjected to plane pressure waves incident at different
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angles, it is evident from Table 5.3 that the case with R/r = 9 (smaller node radius)
subjected to normal incidence   0

 has the highest sound transmission loss.

From Figure 5.7 it is also observed that, for the angle of incidence other than
the normal incidence, the dips in the STL curves are observed at the odd as well as even
natural frequencies. Whereas for the normal incidence, as observed earlier, the dips in
the STL are observed at only the odd natural frequencies.
5.2.3 STL through sandwich panel with anti-tetra-chiral honeycomb core
In this section, the investigation for the sound transmission loss behavior for the
anti-tetra-chiral structure is carried out.
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Figure 5.8 : STL for anti-tetra-chiral structure with normal incidence
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Figure 5.8 shows the STL plot for anti-tetra-chiral structure with R/r =3 and R/r =
9. From the figure, it can be clearly observed that the anti-tetra-chiral structure with
smaller node radius (R/r = 9) has a higher sound transmission loss as compared to the
structure with bigger node radius (R/r = 3). As expected, the dip in the STL curve is
observed at the odd natural frequencies of the respective structure. It is also interesting
to observe that the anti-tetra-chiral structure with smaller node radius (R/r = 9) has a
consistent STL behavior over the considered frequency range as the dip in the STL curve
is followed by the increase in the STL value. In case of structure with bigger node radius
(R/r = 3), after a frequency of 600 Hz up to a frequency of 1050 Hz, no local dip in the
STL curve is observed even at the natural frequency values. However, the overall STL
curve drops to a lower value at a frequency of ~1050 Hz. Such a behavior is attributed to
the presence of dilatational modes of vibration, which results in high transmission of
sound power from the incident side to the transmitted side. The detailed discussion of
influence of dilatational modes of vibration on the overall STL behavior is explained in
Section 5.3.3.
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The STL response of the anti-tetra-chiral structure with plane pressure wave
incident at different incidence angle is also investigated and is shown in Figure 5.9.
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Figure 5.9 : STL for anti-tetra-chiral structure (R/r = 3) with plane
pressure wave incident at different angles
It can be observed that, as expected, the overall STL for the normal incidence

  0  is higher than the STL for incidence angles of 30

and 60 . For the frequency

range of 1 Hz to ~800 Hz, the STL follows a certain pattern with the dips in the STL
curves observed at the natural frequency values. Also, in this range the increase in the
angle of incidence from 0 to 60 decreases the STL. However, for the higher
frequencies, the local resonance of the anti-tetra-chiral core dictates the STL behavior
and no specific pattern is observed although the overall STL is still higher for the case of
normal incidence. Even in this case of anti-tetra-chiral structures, as observed in case of
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hexa-chiral structure, for the cases of incidence angle other than the normal incidence,
the dips in the STL curves are observed at the odd as well as even natural frequencies. A
similar behavior of the anti-tetra-chiral structure with smaller node circle (R/r = 9)
subjected to plane pressure waves incident at different angles is observed and is shown
in the APPENDIX.
Table 5.4 shows the corresponding values of area under the STL-frequency
curves for anti-tetra-chiral structures with varying angle of incidence. From the table, it
is evident that, for both the structures with bigger and smaller node radius, the case
with normal incidence has higher sound transmission loss as compared with other
incident angle cases. Also, the structure with smallest node radius (R/r = 9) has highest
sound transmission loss behavior as compared to all the other structures investigated.
Table 5.4 : Area under the STL-frequency curve for anti-tetra-chiral structures
Honeycomb
core
structure

R/r

3
Anti-tetrachiral
9

Angle of
incidence
0
30
60
0
30
60
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Area under the STLfrequency curve
(dB.Hz)
78307
75304
71367
97628
85044
80900

5.2.4 Sound Pressure Level (SPL) distribution for hexa-chiral and anti-tetra-chiral
structures
Along with the sound transmission loss calculated over the entire frequency
range, it is also interesting to observe the sound pressure level distribution in the fluid
domain at specific frequencies. The sound pressure level at a point in the fluid domain
corresponding to a particular frequency is measure by [22],

 p  x,   
SPL  20log 

 p
ref



(1.1.21)

In the above equation, p  x,   is the magnitude of pressure at a location in the
fluid domain corresponding to specific frequency and pref is the reference value of
pressure magnitude which is 20  Pa for air [33]. The pressure magnitude data from
Abaqus is imported in MATLAB to plot the SPL in the air domain.
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SPL distribution at 1st Natural Frequency (65.78 Hz)
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SPL distribution at 2nd Natural Frequency (134 Hz)
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Figure 5.10 : Sound Pressure Level (SPL) distribution for hexa-chiral structure with
R/r = 3 at normal incidence
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Figure 5.10 shows the SPL distribution in the air domain for hexa-chiral structure
with R/r = 3 at first three natural frequencies and at normal incidence case. It can be
observed that, the SPL is higher at the first natural frequency as compared to the SPL at
second natural frequency. This behavior can be correlated with the STL vs frequency
plot in Figure 5.6 for the hexa-chiral structure with R/r = 3. It can be observed that, the
first dip in the STL curve corresponds to the first natural frequency at 65.78 Hz. Low
sound transmission loss corresponds to high sound transmission through the sandwich
panel. Hence, high value of SPL is observed at the first natural frequency in Figure 5.10
(a). However, for the second natural frequency, due to the symmetry effects associated
with the mode shape of sandwich panel, less power is transmitted through the sandwich
panel which corresponds to high sound transmission loss. This can also be observed in
the STL vs frequency plot where higher sound transmission loss is observed at the
second natural frequency (at 134 Hz) as compared to the dip in sound transmission loss
at first natural frequency. Higher loss corresponds to lower sound power being
transmitted to the air domain. Hence, lower sound pressure level distribution is
observed in Figure 5.10 (b). A similar trend is observed in case of anti-tetra-chiral
structures. The corresponding plots for sound pressure level distribution for anti-tetrachiral structures are attached in the APPENDIX.
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5.3

Trends and Observations

5.3.1 Correlation of vibration response and the sound transmission loss behavior
In Section 4.3, the dynamic response of the sandwich panels made of hexa-chiral
and anti-tetra-chiral honeycomb cores subjected to uniform pressure load on the
bottom face-sheet is investigated. The purpose of this analysis is to identify the
vibration response of the top face-sheet of the sandwich panel with respect to the
bottom face-sheet. The vibration of the top face-sheet depends upon y-direction
velocity (or displacement) of the nodes on the top face-sheet. The results obtained from
this analysis can also be correlated with the results of sound transmission loss behavior
in section 5.2. As mentioned earlier, the Sound Transmission Loss is the measure of the
difference in the power incident on the bottom face-sheet to the power transmitted to
the top face-sheet. From Equation(0.0.2) to Equation(0.0.7), it is evident that the
transmitted sound power also depends on the y-direction velocity (or displacement) of
the nodes on the top face-sheet of the sandwich panel. This suggests that the sound
transmission loss response of the sandwich panel can be predicted based on the
vibration response of the sandwich panel and vice versa. Figure 5.12 and Figure 5.11
show the corresponding plots for dynamic response and STL response of chiral core
sandwich panels, respectively. From the figures, a clear correlation between the two
responses can be observed. An increase in the vibration of the top face-sheet results in
higher sound power being transmitted to the transmitted side fluid resulting in lower
sound transmission loss and vice versa.
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Dynamic response of top face-sheets of hexa-chiral structures
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Figure 5.12 : Dynamic response of top face-sheet of chiral core sandwich panel
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Figure 5.11 : STL response of chiral core sandwich panels
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5.3.2 Comparison of STL of hexa-chiral and anti-tetra-chiral structures with regular
and auxetic honeycomb structures
As mentioned in the literature, Griese [22] and Ruzzene [18] investigated the
sound transmission loss response of the sandwich panels made of regular as well as
auxetic honeycomb core structures. One of the key findings of both the researchers was
that the auxetic honeycomb core with negative in-plane Poisson’s ratio exhibited higher
sound transmission loss as compared to the sandwich panels made of regular
honeycomb core. In this section, the sound transmission loss through sandwich panels
made of hexa-chiral honeycomb core (both R/r = 3 and R/r = 9) is compared with the
sound transmission loss through sandwich panels made of regular and auxetic
honeycomb core. The overall size and total mass of both the sandwich panels made of
regular and auxetic honeycomb core is maintained same as that of the sandwich panels
made of hexa-chiral honeycomb core. Figure 5.13 shows the construction of sandwich
panels made of regular (cell angle =

) and auxetic (cell angle =

).

𝐿𝑦 = . 86𝑚
Regular Honeycomb
Auxetic Honeycomb
𝐿𝑥 = 2 𝑚
𝐿𝑦 = . 86𝑚

Figure 5.13 : Sandwich panels made of regular and auxetic honeycomb core
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The sandwich panels are descretized by using Timoshenko beam elements (B22)
in Abaqus. The overall mass of both the sandwich panels is maintained same by
changing the wall thickness of the honeycomb core. Table 5.5 shows the values of wall
thickness and the corresponding total mass for both the regular and auxetic honeycomb
core sandwich panels.
Table 5.5 : Wall thickness and corresponding total mass for regular and auxetic
honeycomb core sandwich panels
Honeycomb
Configuration
Regular
Auxetic

Face-sheet
thickness (mm)
2.5
2.5

Wall Thickness
(mm)
2.2
1.65

Total mass
(kg)
68.33
68.42

A similar model is setup for regular and auxetic honeycomb core sandwich
panels as explained in Section 5.1 for the investigation of sound transmission loss
response. A steady state dynamic analysis is carried out with plane pressure wave
incident at normal to the bottom face-sheet of the sandwich panels. The sound
transmission response is calculated as explained in Section 5.2.1 and the STL is plotted
against the frequency range of 1 Hz to 2000 Hz.
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Figure 5.14 : Comparison of STL through sandwich panels made of hexa-chiral core
(R/r = 3, 9) with regular and auxetic honeycomb core
From Figure 5.14 it can be observed that, at lower frequencies (up to ~ 700 Hz)
and higher frequencies (1500 Hz to 2000 Hz) the STL for auxetic honeycomb core
sandwich panel is higher than other sandwich panels whereas, in the mid-frequency
range (700 Hz to 1500 Hz) the STL for regular honeycomb core sandwich panel is higher
than other sandwich panels. It can also be observed that, the spacing between the two
adjacent dips in the STL curve is smallest for the auxetic honeycomb core and it is
highest for the hexa-chiral honeycomb with R/r = 9. The area under the STL-frequency
curve for all the sandwich panels is shown in Table 5.6.
113

Table 5.6 : Area under the STL-frequency curve for hexa-chiral, regular and auxetic
honeycomb core sandwich panels
Structure
R/r = 3 (Hexa-chiral)
R/r = 9 (Hexa-chiral)
Regular Honeycomb
Auxetic Honeycomb

Area under the curve (dB-Hz)
76638.97
87429.5
89509.99
91532.86

From the above table, it can be observed that the area under the STL-frequency
curve is highest for the auxetic honeycomb core. This suggests that the auxetic
honeycomb core has better sound transmission loss response as compared to the hexachiral honeycomb cores and the regular honeycomb core. It can also be observed that,
the difference between the areas under the curve for regular and auxetic honeycomb
core is very small. Therefore, the conclusions from this analysis should be taken as
subjective to the considered range of frequency and the boundary conditions applied on
the sandwich panel. However, there is a considerable difference between the areas
under the curve for auxetic honeycomb core and the hexa-chiral honeycomb core with
R/r = 3 and R/r = 9. Therefore, the main conclusion from this analysis is that the auxetic
honeycomb core (with -30 cell angle) have better sound transmission loss behavior
than the hexa-chiral honeycomb core with either smaller or bigger node radius.
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Figure 5.15 shows the comparison of STL for anti-tetra-chiral structures (R/r = 3
and R/r = 9) with the regular and auxetic honeycomb core.
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Figure 5.15 : Comparison of STL through anti-tetra-chiral core with regular and auxetic
honeycomb core
In this comparison, it can be observed that, for almost the entire frequency
range considered, the STL for anti-tetra-chiral structure is higher than the other core
structures. This is also evident from Table 5.7 in which the area under the STL-frequency
curve for anti-tetra-chiral structure is considerably higher than the other structures.
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Table 5.7 : Areas under the STL-frequency curves for anti-tetra-chiral, regular and
auxetic core sandwich panels
Structure
R/r = 3 (Anti-Tetra-chiral)
R/r = 9 (Anti-Tetra-chiral)
Regular Honeycomb
Auxetic Honeycomb

Area under the curve (dB-Hz)
78307.62
97628.14
89509.99
91532.86

From the above comparison of STL behavior of hexa-chiral and anti-tetra-chiral
structures with the STL behavior of regular and auxetic honeycomb structures, it can be
concluded that, the auxetic honeycomb structure has better STL characteristics as
compared to the hexa-chiral structures. However, the comparison with anti-tetra-chiral
structures suggests that, the anti-tetra-chiral structure with smallest node radius (R/r =
9) has the highest sound transmission loss characteristics. In the further sections, a
detailed comparison is also carried out between all the chiral honeycomb sandwich
panels investigated in this study and general trends and observations are also made.
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5.3.3 Influence of dilatational modes of vibration on the sound transmission loss
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Figure 5.16 : Combined plot of STL for hexa-chiral and anti-tetra-chiral structure
at normal incidence

Figure 5.16 shows the STL behavior of both the hexa-chiral and anti-tetra-chiral
structures with two extreme cases of R/r (=3 and 9) and at normal incidence angle. A
peculiar behavior is observed in case of both the structures in the frequency of ~800 Hz
to 1100 Hz where the STL curve drops to a lower value as compared to the overall
pattern of the STL curve. This dip in the STL curve is attributed to the dilatational modes
of vibration corresponding to the sandwich panels. Smolensky and Krokosky [25] and
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Ford at el [24] in separate studies investigated the effect of dilatational modes of
vibration on the sound transmission in lightweight sandwich panels and concluded that
the presence of dilatational modes of vibration in lightweight sandwich panels produces
undesirable depressions in the sound transmission behavior of sandwich panels. In the
present analysis, for the hexa-chiral structure with R/r = 3, it is observed that the
flexural mode of vibration at 778 Hz is followed by two dilatational modes of vibration at
1039.7 Hz and 1040 Hz. In Figure 5.16, from the STL curve for hexa-chiral structure with
R/r = 3, it can be observed that in the frequency region corresponding to the dilatational
modes of vibration, the STL curve drops to lower values as compared to the overall STL
curve. The mode shapes corresponding to these frequencies are shown in Figure 5.17.
A similar behavior is observed in case of anti-tetra-chiral structure. In this case, it
is interesting to note that, after the flexural mode at 698.16 Hz, the first dilatational
mode of vibration occurs at 711.86 Hz followed by 45 dilatational modes of vibration up
to a frequency of 1080.8 Hz. The corresponding mode shapes are shown in Figure 5.18.
From Figure 5.16 for the STL curve for anti-tetra-chiral structure with R/r = 3, it can be
observed that, after a frequency of ~700 Hz the STL curve drops to a lower value up to a
frequency of ~1100 Hz which corresponds to the frequency region of dilatational modes
of vibration. A similar behavior is also observed in the frequency region of ~1600 Hz to
1800 Hz where the dip in the STL curve is observed at the dilatational modes of
vibration.
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(a) Flexural mode at 778 Hz

(b) Vibration mode at 1039.7 Hz

(c) Vibration mode at 1040 Hz
Figure 5.17 : Vibration modes for hexa-chiral structure with R/r = 3

(a) Flexural mode at 698.16 Hz

(b) Dilatational mode at 711.86 Hz

(c) Dilatational mode at 1080.8 Hz
Figure 5.18 : Vibration modes for anti-tetra-chiral structure with R/r = 3

A similar behavior of dip in the STL curve at dilatational modes of vibration is
observed for other cases of chiral core sandwich panels investigated in this study.
However, for the cases with smaller node radius (e.g. R/r = 9), the dilatational modes
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occur at higher frequencies as compared to the cases discussed above (R/r = 3).
Therefore, in order to investigate such a behavior for structures with smaller node
radius, the steady state dynamic analysis up to a higher frequency range than the range
considered in this study needs to be employed. This will be covered in the future work
based on this study.
5.3.4 Effect of negative Poisson’s ratio on the Sound Transmission Loss
From Figure 5.16, it is clearly evident that the anti-tetra-chiral structure with
smaller node radius (R/r = 9) has highest sound transmission loss as compared to other
structures. This result also confirms the findings of previous studies conducted by
Ruzzene [14,18], Griese [22] and Galgalikar [4]. Ruzzene and Griese, in separate studies,
investigated the STL behavior of both the regular and auxetic honeycomb structures and
found out that the auxetic structures, which have negative in-plane Poisson’s ratio, tend
to have better STL behavior as compared to the regular honeycomb structure having
Positive Poisson’s ratio. Griese also observed that the auxetic honeycomb with more
negative in-plane Poisson’s ratio (e.g. honeycomb with cell angle 45 ) have better STL
behavior than the auxetic honeycomb with less negative in-plane Poisson’s ratio (with
e.g. 25 ). In the current study of the hexa-chiral and anti-tetra-chiral structure, it has
already been established in section 3.4 that the anti-tetra-chiral structure with smallest
node radius has a comparatively more negative in-plane Poisson’s ratio than the other
structures. Now, in this section, from Figure 5.16 it is observed that the anti-tetra-chiral
structure with smallest node radius has highest STL as compared to other structure. This
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suggests that the chiral honeycomb structures also behave in the same manner as the
regular and auxetic honeycomb structures and the better STL behavior is associated
with the more in-plane negative Poisson’s ratio. Table 5.8 shows the values of area
under the STL-frequency curve for all the structures investigated in this study.
Table 5.8 : Area under the STL-frequency curve for different structures considered
Honeycomb
core
structure

R/r

In-plane
Poisson’s ratio

3

-0.515

9

-0.814

3

-0.958

9

-0.971

Angle of
incidence
0
30
60
0
30
60
0
30
60
0
30
60

Hexa-chiral

Anti-tetrachiral

Area under the STLfrequency curve
(dB.Hz)
76638
65319
71971
87429
78832
77612
78307
75304
71367
97628
85044
80900

From the above table, it can be observed that the structure with largest value of
negative in-plane Poisson’s ratio (R/r = 9) has maximum area under the STL-frequency
curve for the case of normal incidence. Also, except for the case of hexa-chiral structure
with R/r = 3, a general trend in the STL behavior is observed in which the STL through
the structure decreases as the angle of incidence is increased.
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CHAPTER 6
6.1

CONCLUSIONS AND FUTURE WORK

Accomplishments

Following is the list of accomplishments in this thesis work:
1) Influence of changes in the core geometry on the effective mechanical properties of
hexa-chiral and anti-tetra-chiral structures is investigated. In order to address the
research gap observed from the literature review, wider range of hexa-chiral and
anti-tetra-chiral honeycomb structures (from R/r = 3 to R/r = 9) are investigated with
detailed 2-dimensional finite element model with plane elasticity elements. The
results suggest that, decreasing the node radius of chiral structures decreases the
numerical values of effective mechanical properties (e.g. effective in-plane Poisson’s
ratio, Young’s modulus and Shear modulus). The anti-tetra-chiral structure with
smaller node radius was found to have effective in-plane Poisson’s ratio close to -1.
2) Vibration response of the chiral core sandwich panels subjected to uniform pressure
load on the bottom face-sheet is investigated over a frequency range of 1 Hz to 2000
Hz. The results suggest that, by changing the node radius of the hexa-chiral and antitetra-chiral structures, the frequency range for the global sandwich structure
bending resonances and local intra-cell core resonances can be shifted. For the
structure with bigger node radius, the bending resonances and intra-cell resonance
are shifted to lower frequencies as compared to the structure with smaller node
radius. It is also observed that, the hexa-chiral structure with bigger node radius has
better vibration reduction capabilities at high frequencies (> 1300 Hz).
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3) The sound transmission loss performance of the sandwich panels made of hexachiral and anti-tetra-chiral core configurations is investigated over a frequency range
of 1 Hz to 2000 Hz. A plane pressure wave is incident on the bottom face-sheet with
normal as well as varying incidence angles. The results suggest that, in case of both
the hexa-chiral and anti-tetra-chiral honeycomb cores, the structure with smallest
node radius has higher sound transmission loss as compared to the structures with
bigger node radius.
4) Sound transmission loss performance of the hexa-chiral and anti-tetra-chiral core
sandwich panels is compared with that of the regular and auxetic honeycomb core
sandwich panels. The results suggest that, as compared to the hexa-chiral structures,
the auxetic honeycomb structure has higher sound transmission loss through the
sandwich panel. However, the anti-tetra-chiral structure with smallest node radius
(R/r = 9) has highest sound transmission loss as compared to all the sandwich panels
investigated.
5) The effects of dilatational modes of vibration and the negative in-plane Poisson’s
ratio on the sound transmission loss behavior of sandwich panels made of hexachiral and anti-tetra-chiral core are discussed. It is observed that, the presence of
dilatational modes of vibration reduces the sound transmission loss performance of
the sandwich panel. Especially in case of chiral structures with larger node radius,
the dilatational modes of vibration occur at comparatively lower frequencies and
affect the overall sound transmission loss performance.
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6) The negative in-plane Poisson’s ratio is found to have positive impact on the sound
transmission performance of the sandwich panels. The anti-tetra-chiral structure
with smallest node radius, which has highest value of negative in-plane Poisson’s
ratio (-0.971), also has the maximum sound transmission loss among all the
structures investigated.
6.2

Future Work
In this thesis, the effective mechanical properties, vibration and sound

transmission loss behavior of hexa-chiral and anti-tetra-chiral structures are investigated
by using finite element solver Abaqus. A comparison is also made with the analytical
formulations of effective mechanical properties and it was found that the analytical
formulations based on the standard Bernoulli-Euler beam theory and Timoshenko beam
theory are not sufficient to explain the behavior of chiral structures. Hence, the finite
element results need to be validated by experimental analysis.
In the initial stage of this research, along with the hexa-chiral and anti-tetrachiral structures, the tetra-chiral structures consisting of four ligaments connected to
each circular node and on the opposite side of adjacent nodes (as opposed to the same
side in case of anti-tetra-chiral structure) were also investigated. However, it was
observed that these structures do not have a specific deformation pattern in
compressive loading conditions. The boundary effects due to truncation of specific unit
cells along x or y-direction were also found to affect the overall deformation of the
structure. These tetra-chiral structures and other chiral structures such as the tri-chiral
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and anti-tri-chiral structures need to be investigated in detail to have the complete
understanding of the family of chiral structures.
In this research, sound transmission loss through sandwich panel with air as the
transmitted side fluid is investigated. The finite element model setup and analysis
procedures explained in this thesis can also be employed to study the sound
transmission loss through sandwich panel with other fluids like water at the transmitted
side.
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APPENDIX
A. Mode Shapes for hexa-chiral and anti-tetra-chiral structure with R/r = 5

Mode
No.
1

Hexa-Chiral (R/r = 5)

Anti-Tetra-Chiral (R/r = 5)

92.39 Hz

22.72 Hz

197.15 Hz

45.78 Hz

312.93 Hz

70.05 Hz

423.78

95.102 Hz

522.60 Hz

121.28 Hz

605.36 Hz

148.68 Hz

671.79 Hz

177.41 Hz

723.19 Hz

207.51 Hz

761.96 Hz

238.99 Hz

2

3

4

5

6

7

8

9

10
771.87 Hz

271.84 Hz
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B. Sound transmission loss of hexa-chiral and anti-tetra-chiral structures with smallest
node radius at different incident angles:

STL for hexa-chiral structure (R/r = 9) with different Incident angles
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STL for anti-tetra-chiral structure (R/r = 9) with different incident angles
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C. Sound Pressure Level (SPL) distribution for hexa-chiral structure with R/r = 9
SPL distribution at 1st Natural Frequency - 118 Hz
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Sound Pressure Level (SPL) distribution for anti-tetra-chiral structure with R/r = 3
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Sound Pressure Level (SPL) distribution for anti-tetra-chiral structure with R/r = 9
SPL distribution at 1st Natural Frequency - 30 Hz
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